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ALPHA-DECAY OF Pu238 
- L.N.Kondrat ‘ev, G. I.Novikova, V.B.Dedov & L.L.Gol'din 


Knowing the Q-decay intensities to successive levels of one rotational 
band, we can draw certain conclusions regarding the shape of the daughter 
nucleusl. In view of this, accumulation of experimental material on Q-decays 
is of considerable interest. - 

The most accurate values of Q-decay intensities are obtained through di-- 
rect measurement of the intensity of Q-transitions by means of a magnetic Q- 
spectrometer or ionization chamber. Investigation of the intensities by 
other procedures (for example Y-yY coincidences) sometimes leads to substantial 
errors. 

In view of the low intensity of the transitions to 4+, 6+ and higher lev- 
els it is expedient to choose relatively short-lived materials for Q-spectro- 
meter measurements. 

In the present work we investigated the 
highest excited rotational states of U234 evinced 
in a-decay of Pu238. The work was carried out 
on the magnetic Q-spectrometer of the USSR 
al Academy of Sciences. Prior to the present study 

/ only the transitions to the ground level of 238 
| ‘a and to the two excited levels at 43.5 and 143 
| kev had been investigated by means of an Q- 
/ spectrometer”. Two other excited levels lying 
100 at 96 kev (Ref.2) and 499 kev (Ref.3) had been 
| »| detected by y-y coincidence measurements. 
9 The Pu238 was obtained as a product of a- 


decay of Cm242 formed by slow neutron bombard- 

ment of Am24l, The elements were separated by 

. S20 $25 530 S35 E Mev the chromatographic method. The separation of 
the plutonium from the americium was so thorough 

Fig.1. Q-Spectrum of pu23s that no trace of the Am24l q-lines appeared in 


ee od eee 


in the 5.3 Mev region (the the recorded spectra. We carried out two series 
leading edge of the princi- of measurements with exposures of 40 and 110 

pal Q-lines of Pu239 and hours. The recorded Q-spectra are shown in 
pu240 appears at the left: Fig.l. We detected Q-lines with energies of 

1) 40 hour exposure, 2) 5.3521 and 5.208 Mev. The intensities of the 
110 hour exposure. corresponding transitions are 0.13 + 0.01% and 


- 
, 


(5 + 1)-1073%. No other lines having an intens- 
ity greater than 2:10-3% appear in the energy interval from 5.210 to 5.350 Mev. 
The weak line at 5.208 Mev cannot be explained by any impurities in the 
238 
source. It undoubtedly belongs to Pu . 
In addition, we redetermined the energy of the donee ts MOUS cee of puis 
relative to Pu210; we took 5.2978 Mev as the energy of the Po a-particles*. 


; The results of all our measurements are summarized in the accompanying table. 
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i Level Transition Spin and 
: @—line energy S ; 
Line >? onergy | : : t 
Mev ne cos Antensity,® parity 
| 
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a 5, 4912-40, 004 0 M4 44,2 
tee 5.4482-0,004 43,744 28,7 44,2 2+ 
4142 D,ou2 +0,001 141 jo+1 0, 13-50, 01 6+ 
Se 5,208 +0,005 | 288 +5 (54+1)-10- j 
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The ambiguity in the above Po210 q-particle energy is not included in the 
indicated experimental uncertainties. 

The detected levels fit well into the usual rotational scheme for even- 
even nuclei. The experimental ratios of the energies of the successive levels 
are 1:3.24:6.6, which is in good agreement with the theoretical kigwar 7. Os 
On the basis of this agreement, we assume that all the detected levels are 
rotational and hence have the following spins and parities; O+, 2+, 4+ and 6+. 

The 499 kev level’ also fits well into the 
yi rotation scheme if one accepts the 8+ assign- 
ment for it. 

In their work Asaro & Perlman? investigated 
the total conversion coefficients of the y-rays 
accompanying Q-decay of Pu238 , According to 
their data,the y-transitions from the 43.5 kev 
level to the ground level and from the 143 kev 
level to the 43.5 kev level are E2, which is in 
agreement with the 2+ and 4+ assignments for 
these levels. 

The characteristics of the 2+ level were 
also determined by E.F.Tret'iakov (private 
communication) from the ratio of the abundance 


RS 
» 499 KeV:70°% YS 


0° mE of the (Ly + Lyz) to abundance of the Lyyzy 
conversion electrons. The level scheme for 
Fig.2. Q-decay scheme for u234, constructed on the basis of all now known 
Pu238 and energy levels of data, is shown in Fig.2. 


y234, We take this occasion to thank E.F.Tret'ia- 


kov for carrying out B-spectroscopic identifica- 
tion measurements and I.I.Agapkin, G.I.Grishuk and V.V.Titov for their aid in 
performing the measurements and processing the results. 
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ENERGY OF Q-PARTICLES FROM Po21l0 
- I. I.Agapkin & L.L.Gol'din 


Introduction 


As is known,by means of a magnetic Q-spectrometer one can compare the 
energy of investigated Q-particles with the energy of Q-particles emitted by 
a reference of "standard" source with an accuracy of a fraction of a kev. The 
absolute values of the Q-particle energies from a number of "standards" are 
listed in tables! to within 1 kev; moreover, it is usually assumed that the 
relative values of the standard source energies are known with appreciably 
higher precision. Nevertheless, the results for the same group of Q-particles 
obtained by different investigators sometimes diverge appreciably, particularly 
when different reference sources are used. By way of illustration, we note 
that for the energy of the principal Am?41 q-particle group, Asaro, Reynolds 
& Perlman“ give a value of 5476.6 + 2 kev (standard - Em222 (Rn)), while 
Gol'din, Tret'iakov & Novikova3 give a value of 5482.0 + 0.6 kev (standard - 
Po210), In view of this, we felt it would be desirable to undertake a new 
and more accurate determination of the energy of the Po210 q-particles. 


1. Experimental part 


The measurements were carried out on the magnetic Q-spectrometer of the 
USSR Academy of Sciences, which has been described earlier?. This spectrometer 
is well adapted for relative energy measurements inasmuch as both the source 
and the Q-particle collector are located within the magnetic field region (this 
eliminates the uncertainty connected with the entry and emergence of the parti- 
cles from the field), the intensity of the magnetic field is relatively low 
(6000-7000 oersted) and the instrument has provision for varying the magnetic 
field so that the compared Q-particles follow identical paths during the ex- 
posures. The radial inhomogeneities of the magnetic field, connected with the 
use of double focusing, do not, however, allow of making absolute measurements. 

The source holder had two arms each of which carried one source. Either 
of the sources could be moved in front of the entrance slit. The photographic 
cassette had five plate holders only two of which were used. Each source was 
exposed on a separate plate. 

Each measurement consisted of four exposures, carried out in the follow- 
ing order: 1) source A was exposed on the plate in the first holder, 2) source 
B was exposed on the plate in the second holder, 3) the plates were replaced 
by new ones, 4) source B was exposed on the plate in the first holder and, 
finally, 5) source A was exposed on the plate in the second holder. In shift- 
ing from source A to B and vice versa, the magnetic field was adjusted so that 
the peak would fall at the center of the exposed plate. 

Averaging the coordinates of the peaks of exposures 1 and 5 for source A 
and exposures 2 and 3 for source B automatically excluded dependence of the 
position of the peaks on the number of the plate holder and eliminated errors 
connected with possible slow temperature-induced changes of the field config- 
uration. 

The positions of the peaks were determined by counting the number of 
tracks on the plates. To enhance the statistics the number of tracks was 
averaged over three strips‘, each 0.2 mm wide. The energy was evaluated by 


_ extrapolating the leading edge of the peaks using the section of the peak be- 


tween 0.2 and 0.8 of the total height for this purpose. 
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The field intensity was measured by means of a suitable coil equipped 
with a counterweight and mirror‘. The current through the coil eee imas nied 
by a potentiometer. in calculating the peak energies we utilized the experi- 
mentally determined "value" of 1 mm displacement on the photographic plate 
equal to 0.970:10-3 the energy corresponding to the center of the plate The 
peaks were never shifted by more than 2 mm from the center of the mite 

The sources were prepared by vacuum evaporation of the radioactive materi- 
als (Po210 and Ra224) from a heated filament onto a glass support. 

In all the measurements the reference "standard" was Ra224 (Thx), the 
energy of the Q-particles from which according to Ref.1 is 5681.4 + ga kev. 


2. Results and discussion 


The most substantial source of possible error may be disparity between 
the mean value of the magnetic field Hay traversed by the Q-particles and the 
field H, at the point where it is sensed by the field meter coil. It can 
hardly be imagined, however, that these values were not proportional to each 
other, which is the only thing that matters in relative measurements. Inas- 
much as such a nonproportionality could arise only due to unequal saturation 
of different sections of the pole pieces, it should obviously be more strongly 
manifest at high field values. To check this we measured the energy of Q- 
particles from Po216 (ThA) and obtained a value of 6775.6 kev (the tabular 
value! is 6774.6 + 1.3 kev). The excellent agreement of the results for parti- 
cles of such high energy substantiated the proportionality of Hay and Hj- 

Special experiments 


210 Table 1 showed that the measured 
Results of Po Q-particle energy measurements energy of the Q-particles 
aE - did not depend on which 
| wi Mean line 
Exper.| Mcasured ett half—width, mm Half-width of the ers nee eee: 
“< a: Peacoct oe was moun in. e also 
No. | energy, K€V | cource,| Po7*° aaa difference 
| ane checked the dependence 
i. i, - of the measured energy 
1 5297 ,641,4 0,83 | 2.24 2.34 =} 64-023 on the age of the sources. 
2 5298, 5-+-0,6 0,83 2,15 2,33 —0,90+0, 16 r 
3 5296,4+0,2 0,83 2,29 206 4-02-00, 14 Compan seo ae ge Sone 
4 5294 ,9+0,2 449-1 9-43 219 44 .03--0,93 values obtained for two 
a 5299,9+0,3 | 0,99 | 4,94 1035-7) —0,27+0,37 fresh polonium sources 
~ showed agreement within 


0.3 kev. On the other 
hand, in the comparison 
of two old sources, one prepared 30 days, the other 90 days prior to the ex- 
periment, the measured energy values differed by all of 5 kev and the half- 
widths of the peaks were 1.88 and 2.36 mm respectively. 
The results of our Po210 q-particle energy measurements are shown in 
Table 1. In the last column of the table we give the difference A between 
the intrinsic half-widths of the Po2l0 and Ra224 peaks calculated according 


to the formula 
A= \(AP0210) 2 - (ARa224) 2, 


This formula takes into account that the measured width of the Q-line is com- 
prised of the sum(of the squares) of the apparatus width (principal part) and 
the inherent width of the source. 
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The results of the experiments are shown 
in Fig.l where the difference between the half- 
width of the a@-lines of Po210 and Ra224 is 
plotted against the measured Po210 q-particle 
energy. A comparison carried out for equal 
half-widths of the peaks yield a value of 
5297.8 + 1.5 kev for the energy of the aQ- 
particles from Po219 (taking into account the 
tabular uncertainty of 1.1 kev in the energy 
of the Q-particles from Ra224 which served as 
our standard). The tabular value! for the 
Po210 energy is 5300.6 + 2.6 kev. 

The results obtained in measuring the 
energy of Q-particles from Em220 (Tn) with 
reference to the same standard (Ra224) are 
Fig.1. Plot of measured Po2l19 shown in Table 2. In the last column we list 


Q-particle energy values vs the half-widths normalized to a 0.83 mm exit 
difference between the half- slit width. Inasmuch as "normalization" of 
widths of the Po2190 and Ra224 the line widths introduces errors difficult 
Q-lines (the indicated un- of evaluation, the results of experiments 4 
certainties are the statis- and 5 must be treated with a certain degree 
tical error). of circumspection. 

Table 2 


Results of measurement of Em229 (Tn) a-particle energy 


Exper.| Measured Reduced line 
No. energy, kev hal f-width,mm 
t 
4 | 6285,741,7 0,83 2,39 2,31 239-0, 15 
2 | 6288,1-41,2 1.83 2 5 2.33 510.07 
3 | 6284,5+0,7 83 Z Az 2,05 £1740 ,06 
4 | 6283 ,9+1 ,0 1.49 Me © 2,19 1 .97+0,06 
5 |  6286,940,7 0,99 2,14 1,93 2,070, 06 


As will be evident from Table 2, the line half-width for the daughter 
element Em220 is always greater than the half-width for the parent Ra224, the 
variation of the half-width difference from experiment to experiment lies 
within the limits of experimental error. This precludes the possibility of 
unambiguous comparison of the energies of Em220 and Ra224, 

The variation of the measured Q-particle energy of Em220 with the half- 
width of the Q-line is plotted in Fig.2. The curve shows how careful one 
must be in identifying the measured value with the true energy. 

Extrapolation of the curve to the apparatus half-width of the line 
(1.5 mm) yields a value of 6282.4 kev for the Em220 q-particle energy, which 
is in excellent agreement with the tabular value of 6282.3 + 1.3 kev. It 
should be noted, however, that infinitely thin sources do not necessarily 
give the best energy value, for infinitely thin in this case is only the 
distribution of the parent Ra224 and not of the daughter Em220, In the case 
of thick sources the difference in the distributions of the parent and 
daughter isotopes is no longer a significant factor but the difference in 


absorption of particles of different energies begins to play an appreciable 


role. 


£ kev 


6288 


6282 


Fig.2. Plot of measured Em220 
(Tn) Q-particle energy values 
vs the half-width of the Q-line 
(the indicated uncertainties 
‘are the statistical experimental 
error). 
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Our data gives reason to think that 
true energy values of the Q-particles from 
Em220 and, probably, from other "daughter" 
Q-emitters may lie somewhat higher than 
the tabular values. This may explain the 
above noted divergence between the Am241 
Q-particle energies obtained by different 
investigators. 

We suggest the value of 5297.8 + 1.5. 
kev for the Po210 g-particle energy. 
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A GRID TYPE IONIZATION CHAMBER 
- S.A.Baranov, A.G.Zelenkov & Iu.F.Rodionov 


In recent years there have been developed a number of different spectro- 
metric instruments based on the ionization principle. 


In particular, ioniza- 
tion chambers with a gridi-5 


have gained wide acceptance. The grid serves 
primarily to eliminate the influence of positive ions, so that the height of 


the electron pulses becomes independent of the direction of ejection of the 
particles from the target. 

An instrument of this type was developed in our laboratory in 1952-3. 
The diagram of this ionization chamber is shown in Fig.l. Its design provided 
for successive measurement of four Q-active sources without disturbing the 
physical conditions of the experiment. The pulses from the collecting elec- 
trode are fed to the input of an amplifier and then to a discriminator which 
allows of clipping part of the pulse height and amplifying the remainder to 
the requisite value. The need for amplitude discrimination is dictated by the 
fact that the energies of Q-particles from different radioactive isotopes fre- 
quently differ by only a few percent. From the discriminator output the pulses 
go to a multichannel differential pulse height analyzer. 


a ¥} 
dooms Ter | fh 


ars 


Fig.1. Diagram of ionization chamber with grid. 
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; A positive feature of ionization chambers, 
in general, is their large effective aperture 
or acceptance angle (up to 50% of 4). The 
basic characteristic in rating such instruments 
is their resolution. The limit as regards 
resolution is set by ionization straggling, the 
magnitude of which according to Fano® is approx- 
imately 8 kev (root mean square fluctuation) for 
ie, = Mev Q-particles. Other factors limiting or 

aD influencing the resolution of the set-up are the 

noise in the input tube of the amplifier, the 

absorption of Q-particles in the target, the 
formation of negative ions, variations of the 
amplifier gain depending on the rise time of 


the pulses and incomplete extraction of the elec- 
trons from the collimator by the electric field. 


The resolution of the apparatus is determined to an appreciable extent 
by the noise level of the first amplifier tube. The principal contribution 
here is that of the Schottky effect, the magnitude of which is proportional 
to the capacitance of the amplifier input circuit. To reduce the hum we used 
direct current for the preamplifier filament supply. The first tube (6Zh1P) 
was connected as a triode, since it was found that the noise in this case was 
about 30% lower. We recorded the variation of the noise level as a function 
of the filament voltage of the first tube (Fig.2). On the basis of these 
tests, we decided to use a filament voltage of 3.5 v; further reduction of the 
filament voltage is undesirable inasmuch as it is connected with an appreciable 
reduction of the amplification coefficient. An appreciable reduction of the 
noise level can also be attained by narrowing the passband of the amplifier. 
The optimal frequency characteristic was selected on the basis of the minimum 
half-width of the distribution in height of the pulses due to Q=particles from 
a polonium target (Figs.3 & 4). The effect of noise on the resolving power of 
the instrument was determined in the following manner. Pulses of ~1 mv ampli- 
tude from a special generator were applied to the amplifier input connected 
with the chamber through a 1 wuf capacitor or directly to the chamber grid. 
The amplitude stability of the generator pulses was checked separately. This 
height was selected because it is approximately equal to the height of the 
pulses due to Q-particles from a polonium source. By this method it was pos- 
sible to measure accurately the contribution of noises to the resolution of 


Fig.2. Dependence of the 
reduced value of the noise 
on the filament voltage of 
the first preamplifier tube. 


a. kev 
70 4, kev 
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60 


mx “ 
5 wh 50 


300 U0 1500 CO.  WULE 
int? 


‘ . petai res Meee Fig.4. Dependence of the half-width 
Fig.3. Dependence of the half-width of the amplitude distribution A of 
of the amplitude distribution A of the pulses due to Q-particles from 
the pulses due to Q-particles from po210 on the upper limit of the 
Po219 on the time constant Tt of the amplifier passband with Tqdiff = 25 
differentiating circuit with Cjy,+ = usec. Cint = Capacitance of the inte- 


= 100 ppt. grating circuit. 
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the instrument. In the case of our particular set-up, the "standard deviation" 
in the distribution of the artificial pulses amounted to 9.0 + 0.5 kev (~3 uv). 
Another significant factor influencing the resolution of an ionization 
chamber is the formation of negative ions due to ''sticking'’ of electrons to 
the molecules of any electronegative gases present. It turned out that the 
See ay pure argon supplied by the domestic industry, that we used for 
filling our chamber, contains an appreciable amount of such electronegative 
impurities. It was found that over a period of measurement the height of the 
pulses gradually decreased by several percent and the resolution deteriorated. 
In order to investigate the influence of the formation of negative ions we re- 
corded the variation of the pulse heights and resolution of the set-up with 
the ratio of the potentials on the electrodes. These measurements allowed of 
determining experimentally the optimal potential ratio and the magnitude of 
the effect of formation of negative ions (~ 40%). The optimal ratio of the 
potentials on the grid and on the high voltage electrode (Vg/V,) was found to 
be 0.49, which is in good agreement with the results of calculations according 
to Bunemann's! formula: V q = 0.48. Here Vg is the voltage on the grid and 
Va is the voltage on the high voltage electrode referred to the collecting 
electrode. The distance from the high voltage electrode to the grid in our 
chamber is 25 mm; that from the grid to the collecting electrode is.15 mn. 
The gas pressure in the chamber was 3 atmospheres. In order to reduce the ef- 
fect of formation of negative ions,we increased the voltages on the chamber 
Va electrodes and eliminated all organic mat- 
12 iN Cc erials from inside the chamber. As a fur- 
\ ther improvement, we added a calcium puri- 
‘ fier, containing metallic calciun, heated 
to 350-400°. The operation of the purifier 
is based on convection. The introduction 
of this unit makes it possible to purify 
the argon further in the process of opera- 
tion. It was found that after such decon- 
tamination (3-4 hours), the height of the 
pulses increases appreciably and then re- 
V/V mains constant for at least a week. The 
- . curves characterizing the dependence of the 
Fig.5. Dependence of the height pulse height on the ratio of the voltages 
V of the pulses due to Q-particles on the chamber electrodes are shown in 
from Po210 (A & B) and the half- Fig.5 (A&B). It will be seen that the 
width of their distribution A curves go through a maximum. The sharp 
(C) on the ratio of the potential falling off of the curves on the left is 
on the grid (V,) to the potential due to capture of part of the electrons by 


iad 


a3 


G2 43 a ps Ob 


on the high voltage electrode the grid; the falling off on the right is 
(Va). A - for original chamber due to the formation of negative ions. It 
design; B & C - for new, modified will be seen that the latter effect was 

chamber design. appreciably reduced by the above mentioned 


measures (curve B is for the improved ver- 
sion of the chamber) and according to our evaluation does not exceed 5%. 

Curve C in Fig.5 shows the variation of the resolving power of the im- 
proved chamber with the ratio of the potentials on the electrodes. EL ewile 
be seen that the best resolution is obtained with a maximum pulse height. 

In order to assure a high resolution it is important to reduce to a mini- 
mum self-absorption of the Q-particles on the target; hence great care must be 
exercized in preparing the targets. Usually we prepared the target layer by 
electrolysis’. In other cases we used the ethylene glycol technique to obtain 


reo SS, NV ee ee) 
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a uniform coating. Absorption of a-parti- 
cles.in the active layer leads to a shift 
of the pulse distribution curve to the side 
of lower energies and the distortion of 
its shape. Substantial improvement of the 
resolution in working with fairly thick 
sources (several micrograms per em”) can 
be realized by using collimators. Collima- 
tors serve to eliminate the Q-particles 
emitted at small angles to the target sur- 
face, i.e., the particles for which the 
greatest energy losses obtain. We used a 
number of different collimators with wall 
thicknesses ranging from 0.3 to 1 mm and 
openings from 0.3 to 1 mm in diameter. 
Fig.6. Q-Particle spectra of The choice of collimator depends on the 
u233 | Pu239 | Am241 and Po210, nature of the experimental problem involved, 
the solution required and the activity of 
the source. We also collimated the aQ-particle beam by 
placing a 1 mm thick disc with a 10 mm diameter opening 
5 over the target. By means of such a collimator we ob- 
tained a Po210 Q-particle distribution with a half-width 
\ 


200 


100 


L =o 
RI] KD 150 208 20 VV 
pulse 


of 50 kev (standard deviation 20-21 kev). It was noted 
that even in the case of relatively thin sources there 


is observed a shift of the distribution in energy curve 
amounting to several tens of kev, depending on the parti- 
cular type of collimator used. This can be explained 


only by incomplete extraction of the electrons from the 
collimator aperture. In order to minimize this effect 
it is expedient to use collimators of minimal thickness. 
By way of such minimal thickness collimators we used 
specially etched screens similar to those described by 


AES st 
Channel No. 


Fig.7. Spectrum of Engelkemeir & Magnusson®. The thickness of the screens 
Q-particles from was 50-60 yu, diameter of the screen openings 140-160 ui. 
7n230 The use of such screens led to an appreciable improve- 


ment of the resolution. In Fig.6 we give the Q-particle 
NW spectra of y233 (Eg = 4.83 Mev) , pu239 (5.15 Mev) and 
200 also of Am241 (5.47 Mev), which we used as a standard. 
In the same figure we give the energy distribution of 
the Q-particles from Po219 (5.30 Mev). Evaluation of 
the standard deviation of this distribution gave 15.0 + 
+ 0.5 kev (half-width ~35 kev). By way of illustration 
of the resolving power attained, in Figs.7 & 8 bbb anon 
the recorded Q-particle spectra of pu238 and Th ’ 
each of which comprises two fine structure groups 
=~ 40 and AE5 ~ 70 kev). 
A ah Thus at se are the principal factors contributing 
t $ 0. to the width of the distribution in height of the oe 
Channel No. particle pulses from a polonium source are the ioniza- 
tion straggling (8 kev) and the amplifier noise (9 kev). 
Fig.8. Spectrum of All the other factors make a contribution pe aes 
Q-particles from 9 kev. To attain the limiting resolution 0 en 
pue3s ment (~8 kev) one should appreciably reduce the no 
of the amplifier which would involve special research on 


the amplifier design. 


100 
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In its present form the apparatus is a satisfactory instrument which has 
proved highly useful in a number of investigations and, particularly, for 
analysis of microquantities of q-active isotopes. By virtue of its high 
admission and relatively good resolution the instrument can be used for in- 
vestigations that cannot at present be performed with other instruments. 
Thus, A.A.Van'kov, student at Moscow State University, carried out in our 
laboratory a series of measurements of Q-y coincidences in the decay of Np237, 
The a-particles were recorded by means of the ionization chamber; the 7y-rays 
were detected by a scintillation spectrometer. Only the pulses due to Q- 
particles in coincidence with y-rays of a certain energy entered the multi- 
channel analyzer. This procedure allows of obtaining valuable data on the 
decay scheme of long-lived Q-active isotopes and on the multipole order of 
the corresponding transitions of the daughter nucleus. 
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CONVERSION ELECTRON SPECTRA OF NEUTRON-DEFICIENT THULIUM ISOTOPES 
- K. Ia.Gromov, B.S.Dzhelepov & B.K. Preobrazhenskii 


Introduction 


The samples were prepared by bombardment of tantalum targets with fast 
(660 Mev) protons, followed by chemical separation of rare earth elements 
and, finally, chromatographic separation of the thulium fractionl. Conversion 
electron spectra were investigated by means of the Radium Institute Ketron2 
under the following conditions: width of receiving slit 0.5 mm; film over 
counter window transparent to %3.5 kev electrons; relative apparatus line 
half-width R = 0.6%. The sources were prepared by evaporation of thulium lac- 
tate, deposited on one side of an aluminum strip measuring 1 x 10 x 0.005 m. 

For these measurements the instru- 


Table 1 ment was calibrated with reference 
Data on the neutron-deficient thulium to the conversion lines of In114, 


isotopes from Seaborg's Table of Isotopes Cel44 and yb169, the energies of 
which have been carefully deter- 

mined by Cork and his coworkers3~§ 
and Porter & Cook’. The mean 
decay Period deviation of the calibration 
points from a smooth curve was 
023%: 

The proton bombardment of 
the tantalum targetsand separation 
of the thulium fraction were car- 
ried out three times. The first 
and second irradiations were 
about 1 hour each; the third extended over several months. The chromatographic 
separation in the first two cases was carried out about 30 hours after irradi- 
ation; in the third case, about a week after irradiation. The measurements 
on the Ketron started some 3-5 hours after separation. Lines with periods of 


Degree of 
certainty 
of assign- 
ment 


P b 
ip Ho Pa 
Y 


e//] 
50 


4 


10 


a 
0 He, GS CM 000 
alae zl Ho, GS CM 


Fig.1. Conversion from Tm168, 
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<10 hours, ~29 hours,~9 days and ~55 days were observed in the conversion 
electron spectra of the thulium fraction. These periods are rather close to 


the periods listed in Seaborg's tables® (Table 1); this simplified identifi- 
cation of the lines. 


1. Conversion Electron Spectrum of Tm168 


We begin our examination of the results with the longest lived isotope 
Tml68. The clearest data for this isotope were obtained with the third sample 
. (long irradiation). After all the short-lived activities of the thulium 
fraction had died down sufficiently, four weak lines were distinguishable in 
the electron conversion spectrum. The strongest of these produced only 75 
pulses per min in the spectrometer counter. All these lines are shown in 
Fig.1; the pertinent data are listed in Table 2. Even a cursory examination 
of Fig.1 indicates that the lines in the figure are the K-, L- and M-lines 
of same transition. The most distinctly recorded are the lines a and d, which 
we shall assume to be the K- and M- lines. 


Table 2 
Experimental results of investigation of the electron conversion lines 


shown in Fig. 1 


Electron ener kev | Relative 
intensity of. 
: : : : version lines 
Line a Line 6 Line c Line-d | COBve 
+ 1 


Series I ae 70,4 748) 3! U1, 4 | (—)* 31,537 1,66: 1,0 
Series II 22,4 70,6 (Wee NEALE: Nth Sallie) Salle, es a0) 

22,4 70,3 71,3 77,5 | (4,474+0,15): (1,604 
Average value f 7 11,3 Te one 

| +0,16):4 
| 
Binding energ 57,9 93 8,4 ae 
(Z = 68) 
Transition 79,9 79,6 79,7 7907 
energy 
79,8 

Average value 
from and | 


L-lines | 
*The a linc was not observed in the first scries of measurements « 


From the magnitude of the difference K-M (55.1 kev), it is evident that 
the transition occurs in the nucleus with Z = 68. Taking Z = 68 (Er), we ob- 
tain for the transition energy hv = 79.8 kev. Let us now turn to the lines 
b and c shown in Fig.2. Arrows indicate the positions of the Ly, Lyy and 
Lyyzy lines calculated on the basis of hy = 79.8 kev and Z = ee The Ree | 
shows that the b and c lines must be interpreted as due to electron c 
on the Lyz and Lyyz subshells. 
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The experimentally determined intensity ratios of the K:L:M:N conversion 
lines are (0.71 + 0.03):1: (0.24 + 


0.02): (0.07 + 0.01). A notable feature here 
The experimental val 


Lor Es. Mixtures, however, 
of interpolation can give va 
fication only on the K/L rat 


are also possible. Inasmuch as different methods 
lues differing by as much as 30%, basing our identi- 
io one cannot exclude transitions for which 

41 ="3, "yes" - (£3 + M4) , 
40 =.3, “no” - (R44 M3) , 
AI = 4, "yes" - (E5 + M4). 


To choose between these possibilities we must turn to other indications. 


A. The spin of Erl67 was measured 


Table 5 by Bleaney & Scovil2l ana proved to be 
Comparison of the experimental value 7/2. Inasmuch as excited states with 


of K/L with the theoretical values spin 15/2 are not encountered siko pe 
for Z = 68 and hy = 207.5 kev nuclei in this region, the third pos- 

——— eee sibility is automatically excluded. 

| ees Valse Aa koe B. The width of the integral L-line 

_ calculated for both the first two assump- 

| | ae ro Bree tions proves to be close to the experi- 
| 
| 
/ 


mental and hence is of no help in making 
; j - the choice. 
C. In their report Campbell et a]18 
‘ : — -— ——— give an experimental value of the con- 
| 62! 4,3 | 26 | 1,2 | 0.3 version coefficient for the 210 kev 
| transition on the K-shell: Ox = 0.55 + 
+ 0.10. This value is in good agreement 
with the theoretical one for a pure E3 
Table 6 transition, namely, 0.49 (for M3 radia- 
Comparison of the experimental and tion, & = 6.3). In their work, Wilkin- 
theoretical values of the partial son & Hicks give the experimental value 
half-life of the 207.5 kev state of of the ratio of the number of conversion 
Tm167 with respect to the y-radiation electrons to the number of 210 kev y-rays 
as 7.5. This value differs very consider- 


—— Te 


* *% ably from the value of 1.45 based on Ok 
Transition | Typo, »see Toxp. 7SeC and K/(L + M + N); hence we believe that 
ws the value given by Wilkinson & Hicks is 
K3 0.5 a in error. 
14 1,1 23 D. We carried out a comparison of 
re ee on the experimental and theoretical values 
hit aa- DAP \ 


wee a ee ee eS 


of the half-life of the 207 kev state 
with respect to the y-transition. The 
values are listed in Table 6. 


=e 


= peearceticay values calculated according to the formulas given by 

Mos'tskovskii in Ref.10. ' 
**Experimental values calculated according to the formula Texp = ee 

where T is the experimental value of the half-life of the state (Ref.18, _ 

equal to 2.5 sec and @ is the total conversion coefficient (the theoretica 

- value for each multipole order). 


= Ue — 


This isotope was discovered by Wilkinson & Hicksll. 


; according to their 1949 
measurements its half-life is 85 + 2 days. 


On the basis of their absorption curves, Wilkinson & Hicks asserted that 
the emission spectrum of Tm!68 comprises electrons of energies 160 and 500 
kev and 210 and 850 kev y-rays. In our measurements no conversion electrons 
with the indicated energies were observed (the upper limit for the possible 
intensity of a ~500 kev line is 2% with reference to the 79.8 kev L-line; we 
cannot evaluate the upper limit for the 160 kev electrons inasmuch as in our 
experiments there were also present in this energy region the 150 kev elec- 
trons from 9-day Tm167, 

The chromatographic separation technique is such that one can always 
fear the presence of a certain amount of isotopes with Z 1 or 2 greater than 
that of the investigated fraction. Hence we had to make sure that our samples 
were reasonably free of Yb169 (33-day) and Lul71,173,174 (>150 days) (all the 
other isotopes of Yb and Lu have periods much shorter than 9 days). Evalua- 
tions of the maximum possible content of Yb and Lu carried out with reference 

x to the 178 kev K-line of yb1959 (Ref.12) and the 79.7 kev K-line of Lut?3 
(Ref.13) showed that the contribution of Yb and Lu to the experimentally ob- 
served lines of Tm!6§ did not exceed 3% for the 79.8 kev L-line and 0.75% 
for the 79.8 K-line. 

Inasmuch as the observed conversion 
electrons are associated with only the 
79.8 kev transition, it may be assumed 
that the decay of Tm168 is characterized 
by the scheme shown in Fig.3. There is 
nothing surprising about the location of 
the first level of Tm168; the first ex- 
cited level in all even-even nuclei in 
this region of Z lies at about 80 kev. 

With Coulomb excitation of Er by Q- 
particles, we observed a 79 kev 7-line. 

In view of the fact that a mixture of iso- 
wa a0 topes was irradiated, one cannot SBS is 
Fig.3. Decay scheme for Tm168 , that the observed y-line belonged to Er ; 

it is probable that it pertained to all the 
isotopes (Erl}62,164,166,168,170) including Er168, There is also nothing ex- 
ceptional about the E2 identification: all the first excited states of even- 
even nuclei have spin and parity 2+ and, consequently, the transition to the 

st be of the E2 type. 

Relate unclear whether He K-capture goes to the ground level or to 
the 4+ level of Erl68, The answer to this question can be given by pean 
gation of the Auger electrons (in our measurements no AUB OPS Sara sas : 
Tml68 were detected) or measurements of the relative intensities of t is a 
kev y-line and the K and L x-ray lines. The intensity ratio of eee ee 
might indicate the role played by L-capture. This may make it possi 
determine the exact energy of the transition. ie tes 

We note that the spin of Tm1®8 can be predicted by the me : sf pas 
by Peker!4, The nucleus of this isotope comprises 69 ei ye ree : 
, The spin of Tm169 which also has 69 be eee ease emi 68 Rena 
which has 99 neutrons is 7/2. According to pene eye eee 
be 3 or 4. In view of this it may be assumed that pies IMRT SRR 2, 
sy Sa ae (CoE Raeagee eters ake he of a second rotational 
One could expect w 


_ =". <a oY "| 
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level of Tml68 (its spin and parity assignment would be 4+). The absence of 


ee nt is indicative of the small mass difference between Tml68 and 
r : 


. According to our measurements, the intensity of the K-line associated 
with the 184 kev transition is less than 5% relative to the intensity of the 
79.8 K-line. Taking into account the conversion coefficients for the 79 kev 
and 184 kev transitions, we can assert that the abundance of the 184 kev trans- 
ition is not greater than 30% relative to the abundance of the 79.8 kev trans- 
ition. Further investigation of the Tm168 y-ray spectrum should verify or 
refine our evaluation. It is possible, incidentally, that the 264 kev level 
is not excited. 

The relative probability of B--decay of Tm!§8 remains obscure. It must 


not be forgotten that Yb1®8 is stable and that consequently a B -branch must 
exist. 


2. Conversion electron spectrum of Tm167 


In the conversion electron spec- 
tra of all three specimens there were 
observed lines whose intensity fell 
off with a period of about 9 days. It 
is reasonable to attribute these lines 
to Tml67, whose half life is 9.6 + 0.1 
days according to the measurements of 
Wilkinson & Hicks!1 or 9.4 days ac- 
cording to Handley & Olsonl5, The 
mass number has been established by 
Michel & Templetonl& on a mass spectro- 
meter on the basis of time-of-flight 
measurements. At the time of initia- 
tion of this Spi aay: it is known 

0 206 400 600 800 1000 1200 ‘000 1600 1800 that the y-spectrum of Tm19” consists 
Hp. GS-M of lines of 49, 115, 202, 515 and 720 
Fig. 4. Conversion electrons kev energy, having relative intensities 
from Tm197, of 1.0, 0.02, 0.29, 0.09 and 0.18 re- 
spectively. These data were obtained 
by Nervik & Seaborgl7 by means of a scintillation spectrometer. An excited 
state of Erl67 with an energy of 210 kev and a lifetime of 2.5 sec was found 
in 1956 in irradiating Er with fast neutrons18 and with hard gammasl!9. Two 
y-transitions in Erl67 having energies of 350 and 700 kev were observed by 
Handley et al2° in studying the B -decay of Hol67, 

The conversion electron spectrum of 9-day thulium obtained with the third 
specimen (long irradiation) and normalized to a 9.6 day period is shown in 
Fig.4. The lines were fairly intense: for the strongest the counting rate 
amounted to 10,000 pulses per min. The contribution from Tm168 in the region 
of the lines in question is negligibly small (less than 0.01%). No short-lived 
activities were in evidence: there was no measureable count above the back- 
ground at the position of the strongest line of Tml65 (185 kev). The upper 
bound of Yb and Lu impurities was evaluated on the basis of the 178 kev K-line 
of Yb!69 (Ref.12) and the 78.7 K-line of Lu!73 (Ref.13) and proved to be less 
than 0.1%. The observed spectrum comprised two groups of Auger electrons 
(A and B) and two groups of conversion lines (Cand D). 


5000 


2000 


000 | 


A 
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Group D. We begin our description with Group D (Fig.5 and Table 4). 
The average spread of energy values is only 0.2 kev; the accuracy of energy 


determination 

taking into account 
on in 7 eas the calibration un- 
Hp 


certainty is 0.6 
kev. It is immedi- 
ately evident that 
the lines of group 
D are associated 
with conversion on 
the K, L, M and N 
shells. It is ap- 
parent from the 
magnitude of the 
difference K - M 
(56.2 kev) that 
the transition oc- 
curs in a nucleus 
with Z = 68. 


S000 


1000 


p-lo-~< eel eee = ta ARE Bes el The 210 kev y- 
1200 1300 1400 1500 1600 700 1500 transition origin- 
eptecas ates from the ex- 
Fig.5. Group D of conversion electrons from Tm167, cited state of the 


Erl67 nucleus, re- 
ported by Campbell et al18 and Stewart et all9. Adding the K shell binding 
energy to the energy of the K-line we obtain the energy of this transition: 
207.5 + 0.6 kev. 


Table 4 
Experimental results obtained from the D group of conversion lines of Tm167, 
| | . M- [NE 
x» | K-line | I-line line Line 
—: 
Irradiation 2 ra cal lg 2 Tp bing SE yy 
Number E = | A | | 
ae 3 2 i ae o cS) 
ee a pc 2 m a 
0.9 | 0,9 1149,7) 1,0 |498,5/205,9). — 0,68:1:0,29* 
TT tet) 0,6 | 0,8 |149,7] 0,8 |198,8|206,0}207,5]| 0,74:1:0,24: 0,08 
III (long) 0,6 | 0,5 ae 0,65 |199,2]206,3| 207,8] 0,72:1:0,25 :0,06 
Average clec— 150,0 198,8] 206,1| 207,8 (0,71+0,03) 21: 
tron cnergy anne 
(0,07 ; 
valuc | ( + 
. | ay fas bE 9 9 a 
gap ata ola + ees Aes 0,4 
(Z = ) 
aie 
| | ang 4/908 312082 
Tey ) 8,3} 208,2 
Kner —rays 207, 5 208, 1} 208, 2 : 
gy Y-ray | | | | 


i N=1i lved; 
*In experiment I the M— and N-lines were not reso : 
tie indicated valuc (0.29) pertains toM tN, 


the theoretical value of this ratio 
It will be seen that the e i 


41 ="3, "yes" - (£3 4 M4) , 
AI = 3, "no" - (E44 M3), 
OI = 4, "yes" - (£5 4 M4). 


To choose between these possibilities we must turn to other indications. 


A. The spin of Erl67 was measured 
2 Table 5 by Bleaney & Scovi]21 and proved to be 
_ Comparison of the experimental value 7/2. Inasmuch as excited states with 


of K/L with the theoretical values spin 15/2 are not encountered for 


y for Z = 68 and hy = 207.5 kev nuclei in this region, the third pos- 
eee seer ee sibility is automatically excluded. 
a: 


~ 


a | a I E3 | Es ES B. The width of the integral L-line 
= 7 _ calculated for both the first two assump- 
/ bos i eo tions proves to be close to the experi- 
Li 4 a mental and hence is of no help in making 
the choice. 
C. In their report Campbell et a118 
— give an experimental value of the con- 
G2 a3 XG {2 3 version coefficient for the 210 kev 
| / transition on the K-shell: Og = 0.55 + 
+ 0.10. This value is in good agreement 
with the theoretical one for a pure E3 
Table 6 transition, namely, 0.49 (for M3 radia- 
Comparison of the experimental and tion, Ok = 6.3). In their work, Wilkin- 
_ theoretical values of the partial son & Hicks give the experimental value 
half-life of the 207.5 kev state of of the ratio of the number of conversion 
 Tm167 with respect to the y-radiation electrons to the number of 210 kev y-rays 
as 7.5. This value differs very consider- 
ably from the value of 1.45 based on (0.74 
and K/(L + M + N); hence we believe that 
the value given by Wilkinson & Hicks is 


| 
baits 
Cy 


4 


‘ 
+ 
ze 
E 
Es 


3 03 5 in error. 

ae 1, Lote 23 D. We carried out a comparison of 
ph ieee eps the experimental and theoretical values 
“hd ye ( 


of the half-life of the 207 kev state 
with respect to the y-transition. The 
values are listed in Table 6. 

_ *Theoretical values calculated according to the formulas given by 
Mos'tskovskii in Ref.10. 

**Experimental values calculated according to the formula Texp = TiletsO. 
where T is the experimental value of the half-life of the state (Ref.18,19), 
equal to 2.5 sec and @ is the total conversion coefficient (the theoretical 


value for each multipole order). 


consequently, in the possible mixed types indicated above 
the admixtures of M4 and E4, 


Thus the arguments adduced under C and D above lead 
the 207.5 kev transition is ei 
in other words, the transition involves a 


According to the Mottelson & Nilsson model, the spin and parity of the ground 
state of Erl67 are 7/24. Thus for the 207.5 kev level of Erl67 we have the 
choice between 13/2- and 1/2-. We opt for the latter (1/2-) inasmuch as a) 


not a single 13/2 state is known in this nuclear region and b) in the case of 
spin 13/2, it would be difficult 


apparently 11/2+. 


Group C. The experimental results of our investigation of the conversion 
lines in Group C are listed in Table 7; the spectrum is shown in Fig.6. The 
energy spread does not exceed 0.2 kev; the accuracy of energy determination 
taking into account the calibration uncertainty is 0.4 kev. The lines of 
Group C apparently consist of the lines associated with interval conversion 
on the Ly, Ly; and Lizz Ssubshells (these lines are not fully resolved) and the 
lines associated with conversion on the M and N shells. 

The experiments of 
Gorodinskii, Murin & 
Pokrovskii22 showed that 
there are observed ¥-Y co- 
incidences between the 
pulses in scintillation 
spectrometers when each is 
gated to separate out a 
40-60 kev interval of the 
spectrum. These coinci- 
dences can be regarded as 
coincidences of 56.7 kev 
7-rays with x-rays. This 
means that the 56.7 kev 


100 705 ae 7, 300 B25 


Hp, GS:-CM transition occurs in Er 
Fig.6. Group C of conversion and not in Tm. If one 
electrons from Tm167, takes into account the 


binding energy for all the 
shells, as was done in Table 7, we obtain hy = 56.7 + 0.1 kev or taking into 
account the calibration uncertainty 56.7 + 0.4 kev. 

In attempting to locate the 56.7 kev transition in the Tm167 decay scheme 
one must take into account the following circumstances. 

Erl67 apparently has a group of rotational levels at 0 (7/2+), 80 kev 
(9/2+). and 172 kev (11/2+). The first level has not been detected in Coulomb 
excitation of Er inasmuch as it coincides with the first level of more aes 
ant Er isotopes (its height was calculated from that of the second level); the 
second level has been detected by Temmer & Heydenburg23 in Coulomb excitation 
experiments. It is obvious that there is no difference close to 56.7 kev 
between any of these levels and the 207.5 kev ft oxi67 fon 4g eae 

tate of Er pELOT, e 
the 56.7 kev level is the first excited s : 
f Erl167 would decay it; while i 

level were <7/2, the 207.5 kev level o 

rar gear were Ager would not be excited in the decay of Er!67 either 
‘directly (inasmuch as the levels with 9/2+ and 11/2+ are not excited) or 
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Table 7 
Experimental results obtained for the C group of conversion lines of Tm!967 


Irradiation 
number 


II (short) |,6) 47,2) 2,7 85 | ik Fae | Y 
TII (ong) [9,61 46,9] 2,1 | 47,3] 0,66 | 48,3 | 0,85 | 54.6 | 
Average hey | 2 1-4 7 : 
value 410.4 ae 15 ; 


Transition 06,5 | 56,6 
energy | | 


through higher levels (there are no sufficiently intense y-rays). Likewise, 
one cannot locate it above the 80 and 172 kev levels, for in this case there 
would be intense y-rays of 80 or 172 kev energy. Nor can it be located much 
above the 207.5 kev level, for again there are no corresponding intense 7- 
rays. Hence we have no choice but to put this transition immediately above 
the 207.5 kev level, thereby introducing a 264.2 + 1.0 kev excited state. 

In order to elucidate the type of 56.7 kev transition we must turn first 
to the intensity ratios of the group C lines. Assuming that the shape of 
the Ly, Lyy; Litt and N lines is similar to that of the M-line, which stands 
out clearest in the curve of Fig.5, one can deduce the following relationship 
for the intensities of the lines in group C: 


Ly:Lyyz:Lyyy:MiN = (2.1 + 0.1): (0.7 + 0.1):(1.0 + 0.2) 21: (0.160) 0.02)2 


The ratio of Ly: Lyy:hLyyy can be compared with the theoretical ratios for 
different quantum characteristics of the 264.2 kev level of Erl67, These 
ratios, evaluated from the tables of Dranitsyna, are listed in Table 8; it 
may be concluded from these data that the assignments 1/2- and 7.2+ may be 
excluded inasmuch as it is impossible to find a mixture of transition types 
for which the theoretical ratios would be consistent with the experimental. 

In Table 9 we list the data on the number of 56.7 kev y-rays per decay 
of Er1§7 and the intensity of the 207.5 kev y-rays relative to the total in- 
tensity of the 56.7 kev y- and x-rays, calculated for different possible 
spin and parity assignments for the 264.2 kev level. The calculations were 
carried out on the basis of our relative intensities of the conversion lines 
assoicated with the 56.7 and 207.5 kev transitions, 


I ee Ca = 0.75 
(Iny + Ing, + Wnyyzy 56-7 + 1L-207.5 ’ 


and the theoretical values of the conversion coefficients. Comparison of the 
calculated data with the experimental values (see Ref.22) indicates that the 
most probable assignment for the 264.2 kev level is 3/2-. 

The exclusion of the 7/2-, 5/2- and 5/2+ assignments is also supported 
by the following arguments. 
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| | 1. There is no converting 
crossover y-transition of 264.2 
kev energy in Er167 (or at any 
rate the L-conversion electrons 
from this transition are at least 
a thousand times fewer in number 
than the electrons from the 207.5 
kev transition in Er167), 

If the level characteristic 
were 5/2- or 5/2+, the transition 
would be either El + M2 or E2 + 
2 oa a + Ml and would probably be notice- 
able. This argument is somewhat 
>| s weakened by the possibility that 
: S the 264.2 kev and 0 kev levels 
of Erl67 may be systems with dif- 
ferent K-shells, which, if true, 
. might greatly lower the transi- 
= tion probability. 

S 2. From a comparison of the 
= relative intensities of the con- 
version lines (Fig.4) and the 
— intensities of the y-transitions 
as reported by Nervik & Seaborg17, 
it is apparent that the probabil- 
ities of K-capture leading to the 
207.5 kev level (1/2-) and the 
264.2 kev level of Er167 are 
close. This precludes the 7/2+ 
assignments. 

3. The B-decay of Erl67 
which readily goes to the ground 
level (7/2+) does not go to the 
264.2 kev level. This also pre- 
cludes the possibility of the 
264.2 kev level being either 
7/2+ or 7/2-. 

In the last column of Table 
9 we list relative numbers of K- 
captures to the 264.2 and 207.5 
kev levels evaluated for the 
different assignments. For 3/2- 
this ratio is 34:66. 

Groups A and B. The groups 
of unresolved lines designated 
A and B (Fig.4) are due to 
Auger electrons. The energy 
position of group A is in satis- 
factory agreement with the energy 
values for L-2M, L-MN and so on 
Auger electrons, while the posi- 
tion of the B group is consistent 
with the energy of K-2L Auger 
electrons. The K-LM and K-LN 
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£3 + M4 


Type of transition 
to the 207.5 kev level 
E1 + M0 
BO+ M41 
E41 + M2 
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Theoretical values of the ratios Ly 
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imi 67 Y-rays |kev levels 
Theory 
| 
9} ate | | 
1/2? 100% i . OF AS | suit) en | {00 0) 
o/e" | 95% B14. 50, MP2 0,66 1: u 2 84: 16 
ofa 29) P2470 % My\ 0,07 | 0,35 | A 66 
o/2t foe, #3+859, AL 0,002 f= 0.37 0 ne 
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0/4 Vv") £4--90") AIS 0,012 {- 0.37 99. 70 
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| 
Experiment 
Ae 17 : | : | 
Nervik & Seabor¢ (20,05) * | 1:0,29 
ee 29 | | | 
Soredinskis et) al~* 0,09+0, 02 


LE ee | 


*The number of 56.7 kev gammas per disintegration of T1687 
evaluated from the data of Nervik & Seabor 
that the 115 kev peak obser 
and x-rays. 


was 
g on the assumption 
ved by them was due to 56.7 uae 


Auger electrons fall in the energy region where the Ly, 
group C are located. Their relative number, however, is small and, consequently, 
they were not taken into account in calculating the intensities of the Ly, Lyy 
and Lint lines. The ratio of the intensities of the K-2L and L-207 lines is 
(0.13 + 0.05):1. It cannot be given with greater accuracy inasmuch as one can- 
not separate the tails of the K-2L and L-57 lines any more reliably. 

From the indicated ratio one can evaluate the conversion coefficient for the 
207.5 kev transition. According to Burhop24 the intensity of the K-2L Auger 
electrons amounts to 55% relative to all the K Auger electrons. Burhop gives 
this value for silver, but having no more precise data we will apply it to 
erbium. Thus the relative intensity of all the K Auger electron lines is 


Lry and Liry lines of 


Ix-auger: Iy,-207 = (yee) Ss (OO). 


On the other hand, the number of K Auger electrons equals the number ny 
of vacancies in the K shell multiplied by the Auger yield ny, which for Er 
(Z = 68) is reported to be equal to 0.07 + 0.01. The number n, of vacancies 
on the K shell equals the number of K-captures plus the number of K-conversion 
electrons (in this case undoubtedly the K shell is filled before the conversion 
with a period of 2 sec occurs). Inasmuch as in the conversion electron spec- 
trum of Tml167 there is only one K conversion line (K-207), the number of K 
conversion transitions will be characterized by this line alone. 

The number of K-captures can be evaluated as follows. Obviously, the 
total number of captures of atomic electrons is not less than the number of 
207 kev transitions. For the purpose of our evaluation we can neglect cap- 
ture of electrons on the L, M and higher shells. Thus the number of vacancies 
in the K shell, on the one hand, equais the number of K Auger electrons divided 
by the Auger yield, 
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‘ ‘ Ix-auger 
Cele areoe (1) 


on the other hand, this number is greater than the sum of the number of con- 
versions on the K shell for the 207 kev transition and the total number of 207 
kev transitions: 


ny 2 Iy_907 + (ly_207 + I ) 2) 


+ I + I u 
L-207 M-207 N-207 * y-207 
From (1) and (2), we obtain 


Ix- 
K-Auger_ — 
Iy_207 < ma (2T_207 + In-207 + Iy-207 + Iy-207) 
or 


1,907 < +0-85 + 1.8 


The conversion coefficient for the 207 kev transition on the K shell is 
Ok = Ix-207/1y_207° It follows from the above that OQ 2 0.71/0.95 = 0.75 
and Q, > 1/0.95 = 1.05. 

The theoretical conversion coefficient most consistent with these values 
are those for an E3 transition; the respective theoretical values are Q = 
= 0.49 and 4, = 0.54. 

No conversion lines corresponding 
to 115, 515 and 720 kev y-transitionsl1l 
were detected. From the results of our 
measurements, it may be asserted that 
the intensity of the L-115 line, if 

4° it exists, is less than 0.1% of the 
intensity of the L-207.5 line, and the 
total intensities of the conversion 
lines associated with the 515 and 720 


2 
: kev y-rays are less than 0.03% relative 
to the intensity of the L-207.5 line. 
Dividing these limiting intensity 
is values by the minimum conversion coef- 
Ye ficient at the given energy (for El 
here transitions) , we obtain the upper 
A J bound for the ratios of the abundances 
') of these transitions to the abundance 
A of the 207.5 kev transition; the ratios 
evaluated in this manner are listed in 
Fig.7. Levels of Tm167. y-Rays: Table 10. 
1.—.720 kev, 2:- 370 kev. ad, 3. 
2 350 kev - detected in B-decay of Table 10 
Z Hol67, 5 - 208 kev, 6 - 350 kev, 
7 - 720 kev, 8 - 56 kev, 9 - 370 E, Kev Ty [1 207,5> % 
kev, 10 - 515 kev - detected in 
the decay of Tm167, 4 - 172 kev ; 
4 detected with Coulomb excitation. ae ae 
Z The 208 kev y-rays (5) were also 791) Sh 
% observed in resonance excitation 


oY: 
lee >) 


of Er by 7y-rays and in bombardment 
of Er with fast neutrons. 
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; The decay scheme for Tm197 that appears most plausible to us in the 
light of the present data, is shown in Ke dae 


3. Conversion Electron Spectrum of Tml65 
eee en Petru. Of Tm. 2. 


We also detected in the conversion electron spectrum of the thulium frac- 
tion lines whose intensity fell off with a period of about 29 hours. A thulium 
isotope with about this half-life has been mentioned by Handley & Olson25 
(T = 24.5 hours) and Michel & Templeton!6 (T = 29 hours). Our data on the 
period are in better agreement with the 29 hour period. Michel & Templeton, 
who used a mass spectrometer, established that the mass number of the thulium 
isotope is 165. As a result of capture of an atomic electron by the Tm165 
nucleus there is formed26,27 10-hour Erl65 which in turn converts by K-capture 
to the stable isotope Hol65, 

Thus our preparations, in addition to Tm165 | contained an equilibrium 
amount of Erl65, In order to distinguish reliably between their radiations 
it was necessary to separate the isotopes chemically. This was done by B.K. 
Preobrazhenskii: the thulium fraction was again separated chromatographically. 
The activity of the separated out material actually did decay with a period 
of about 10 hours in agreement with the tabular values for Erl65, Hitherto 
little was known regarding the radiation of Erl65, Butement2® asserts that 
it emits no y-rays, while Wilkinson & Hicks report observing y-rays of 1.1 
Mev energy (absorption measurements). 

Gorodinskii, Murin & Pokrovskii investigated the radiation of the Erl65 
material separated out by Preobrazhenskii on a scintillaion y-spectrometer 
and found that there is only one line of 47 kev energy. The 1100 kev line, 
if it exists at all, is very weak. There can be no doubt that the 47 kev 
line is primarily due to x-rays emitted in the decay of Er165, On the basis 
of this experiment alone one cannot preclude the possible existence of nuclear 
y-rays of ~47 kev energy. However, the first excited states of Hol§5 are well 
known: these are rotational states having energies of 94 and 216 kev. Thus 
the ~47 kev transition cannot be the lowest; nor can it lie above the cited 
levels inasmuch as in the decay of Er!®5 there are no 94 and 216 y-rays. In 
view of the conflicting data on the 1100 kev y-rays, we provisionally assume 
that no y-rays are produced in the decay of Erl65 and, therefore, ascribe 
all the 29-hour conversion lines to the decay of Tm165, 

We investigated the conversion electron spectrum of Tm165 twice. In 
both experiments we studied thulium fractions separated from tantalum subjected 
to brief proton bombardment. The spectra comprised lines due to conversion 
electrons from Tml165 (29 hours) and Tm167 (9 days). In order to obtain the 
conversion electron spectrum of Tm165 , it was obviously necessary to subtract 
the conversion lines of Tm167,. This was done in the following manner. After 
the conversion lines of Tml65 disappeared entirely (i.e., after ~15 days), we 
investigated the conversion electron spectrum of 9-day Tm167, Then to obtain 
the number of counts associated with the decay of Tm165 | we subtracted the 
number of counts associated with Tm!67, reduced to the measurement time for 
the given point, from the total number of counts. The conversion electron 
spectrum obtained in this manner and reduced to the instant of beginning of 
measurement (assuming a period of 29 hours) is shown in Fig.8. It must be 
noted that this operation of subtracting the Tm167 spectrum yields spate 
ry results only in the energy regions where there are no ape Tm lines. 
In those regions of the spectrum where there are intense Tm lines it ee 
impossible to obtain reliable results and because of this these sections oO 
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Fig.8. Conversion electrons from Tm165 , 


Table 11 
Experimental results obtained for the conversion electron lines of Tml65 


Electron energics, kev 


; Second experiment Identifi- Belative 
. ee eo ee a Ey 
exper.| Series | Serics | Series He cation intensity 
; I Pipes TLE 
: 
f 387 K-71? 70,8 a 
, : 476 K-17 ie ~14 
[- 2 ares 10 K-82? 82,3 ~10 
y 655 | | ce 
; 37,6 37,4 662 K-20 = 
3 671 | | Auger < 
; 687 | | 
4 44,1 44,0 724 L538 ~200 
E FO; « 1) 
51,0 51,4 780 z 
4 ae \ M-53 mill 
3 = = 854 L-71? md 
4 : 902 Liy-17 76,8 24,2 
68,7 } 68,2 68,0 67,9 910 jigh were rheibte 26,7 
4 74,5 71,4 wi. W144 929 T-82? 14 
75,4 75,4 74,8 74,7 956 M-77 rs 4A 
; 76,7 -- — = 967 N-T77 = — 
78,2 73,2 1852 $3.2 975 = a = 
4 403,2 | 104,4 102,7 | 102,6 1134 N-413? 5,4 
; 107,9 ae = =e 1162 = ae 0,6 
111,7 =o = = 1184 M-113? 1,3 
160.9 | 161,14 | 161,3 | 161,7 1463 K-24857 218,7 | 14,7+0,5 
{73,8 = Ss a 1723 - oe: 
485.6 | 185,5°| 185,7 | 185,2 1576 K-243 243,0 100 
933.8 | 233,7 | 233,9 | 2233,7 1805 ] -243 18,3-+0,5 
940.0 | 240,5 | 241,0 | 240,41 1833 K-298 297 ,6 {842 
290,0 | 288,6 | 290,0 2049 1-298 6,2-40,3 
299.5 | 299,0 = 2093 = <2 
401,7, | 401,7 | 400,9 2523 K-459 458,7 4,6-+0,2 
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the spectrum are omitted in the figure (indicated by dash lines). 
first and second experiments were carried out under the same conditions as 

the determination of the Tml67 spectrum, i.e., with an instrument resolution 
of ~0.6%; in the second experiment, however, due to less satisfactory prepara- 
tion of the source the resolution at ~150 kev proved to be only 1.2%. The 
electron conversion spectrum of Tml65 shown in Fig.8 is that based on the re- 
sults of the first experiment. In view of the fact, however, that in the 
first experiment the spectrum was measured only up to 250 kev, we also give 

in the insert of Fig.8 the conversion electron spectrum in the interval from 
250 to 500 kev, as derived from the results of the second experiment. — 

The experimental results are listed in Table ll. There can be no doubt 
that there are present conversion lines associated with y-transitions of 53-54, 
77, 243 and 298 kev energy. The “36.9, 37.7 and ~38.7 kev lines can be ascribed 
to K-2L Auger electrons from erbium and holmiun. In addition there are 1l 
electron lines, the identification of which requires some discussion (see be- 
tow) (E, =13.3, -24¢8, 60.7, fheSy(38e2,°103,2,510759, 111-7; 160.9, 299.4; 
401.4). 

53.2 kev transition. There were observed lines with Eo = 44.1 and 51.3 
kev; in the first experiment carried out with a thinner source, the first 
line was slightly resolved into three components. The indicated lines are 
apparently the L and M lines of the same 53 kev transition; there may be no 
K line for this transition. Assuming (for Z = 68) a mean value of 9.1 kev 
for the L shell binding energy and 1.8 kev for M shell energy, we obtain the 
refined value of 53.2 kev for this transition. The 52.3 kev conversion line 
is possibly the N line of the same transition. Inasmuch as the L line may 
comprise an admixture of K-MX type Auger electrons, the intensity determina- 
tion may be somewhat inaccurate. 

77.4 kev transition. In the first experiment we observed lines with 
Ee = 19.9, 67.5, 68.7, 75.5 and 76.7 kev. They may be identified as the K, 
Lyy, Lyzy, M and N lines associated with the same transition. From the dif- 
ference K - M, equal to 55.5 kev, we can unambiguously establish that the 
transition occurs in a nucleus with Z = 68. Taking this value of Z (Er), we 
obtain from the position of the K line that the transition energy is 77.4 kev. 

The experimental relative intensities 
Table 12 of the K, Lyy and Lyyyz lines for this 
Relative intensities of the conversion transition are compared with the 
lines for the 77.4 kev y-transition theoretical values for different 
multipole orders in Table 12. 
It will be seen from the table 


Both the 


K | eS | Ly ee that the experimental values are con- 
| sistent with an E2 assignment. The 
1.6 1.9 results of the second experiment car- 
dicing ohms 0,09 0,02 0,03 ried out, as was noted above, under 
E2 1 0,07 0,72 0,04 worse conditions, cannot be utilized 
a ; Hae ier ae for identifying this transition; they 
ui { 1,30 0,12 0,15 ae ere 
M2 1 0,65 0,07 0,16 do not, however, conflict w 


above assignment. 
243 kev transition. In both the 
first and second experiments we ob- 
served conversion lines with Eg = 185.5 and 233.8 kev. These cig pehie-g 
identified as the K and L lines of the same transition. The Rte ne acca 
ated with this transition was not ee rag eeesing ere rn 
most intense ne from - : 
rab Saitee ct peed structure of the L line, from the difference K - L 
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Table 13 (48.3 + 0.3 kev), it 
Values of the K/L ratio for the 243.0 kev transition may be asserted that this 


transition occurs ina 


Theoretical acs = nucleus with Z = 68. 
Experimental xs = : * | 7 i Again assuming Z = 
a a | ‘ = 68 (Er), we obtain 
from the position of the 
5,5-40,2 7,0 3,0 {2 rm) 4,8! OS ee ce betes bh 
| 243.0 + 1.0 kev for the 


energy of the transition. 


Comparison of the experi- 
mental value of the ratio K/L with the theoretical values for different multi- 


pole orders (Table 13) does not allow of an unambiguous identification of the 
type of the 243.0 kev transition. Within the limits of the accuracy with which 
the theoretical K/L ratios are known (30%), the 243.0 kev transition may be 
El, Ml, M2 or a mixture of Ml + E2 or El + M2. 
297.6 kev transition. In the second experiment we detected conversion 
lines with Eg = 240.2 and 289.5 kev. It is logical to identify these as the 
K and L lines of the same transition. The M line of this transition was not 
observed. From the magnitude of the difference K - L (49.0 + 1 kev), it would 
appear probable that this transition occurs in a nucleus with Z = 68, but this 
identification is not unambiguous (Z = 69 is possible). Assuming Z = 68 (Er), 
we obtain from the position of the K line a value of 297.6 + 1.2 kev for the 
energy of this transition. In determining the ratio of the intensities of the 
K and L lines it should be borne in mind that the K line of the 297.6 kev trans- 
ition is superposed on the M and N lines associated with the 243.0 kev transi- 
tion and that consequently the observed intensity for the K-297.6 line is prob- 
ably somewhat higher than the actual value. The experimental value of the 
ratio K/L is compared 
Table 14 with the theoretical 
Values of the K/L ratio for the 297.6 kev transition values for different 
multipole orders in 


Oe ee Ene oer ee 
Theoretical Table 14. 
: From a comparison 
ce a pate FA | E2 E3 M1 M2 M3 of the experimental with 
the theoretical values 
of the K/L ratio the 
2,9 7,5 3,2 1,9 6,2 5,3 3,4 297.6 kev transition 


may be characterized as 
E2, M3 or a mixture of 
M2 + E3. 

The conversion line with Eo = 161.2 + 0.2 kev is apparently the K line 
of the 218.7 kev y-transition. The ratio K/L in the region of y-transition 
energies from 100 to 250 kev for all multipole orders from 1 to 5 is not less 
than 0.1. If we take the 161.2 kev line to be the L line, there must be a 
corresponding K conversion line at an energy of about 112 kev. The detected 
111.7 kev line apparently cannot be the K line of this transition inasmuch as 
its intensity is less than 0.1 the intensity of the 161.2 kev line (if this 
should be the K line, then the multipole order of the transition is 5 or higher) 
If we take the 161.2 kev line to be the K line, then the corresponding L line 
should appear at 209 kev. Thus, in this case the L line falls into Meee 
region where we have the M and N lines of the 207.5 kev transition in Tm om 
and hence would not be observable in our experiments. Adding the energy 9° e 


ee 
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So eek eeenenema pegs She 2 obtain a value of 218.7 + 1.3 kev 
¥-transition. 

The weak conversion lines at 103 and 111.7 kev could be identified as 
the L and Mi lines associated with the 113 kev y-transition; this assignment, 
ee eee en fact that one paunat adentiry the 

: ata do not allow of identifying the 
401.3 + 0.7 kev line, but Gorodinskii, Murin & Pokrovskii22, investigating the 
y-ray spectrum of Tm165, observed y-rays with an energy of 460-480 kev. In 
view of this the 401.3 kev line can probably be identified as the K line as- 
sociated with a 458.7 + 2.0 kev y-transition. The L line of this transition 
was not detected. Taking into account the statistical errors of measurement, 
it may be said that the K/L ratio is equal to or greater than 3. The 299.2 
kev conversion line is close in energy to the M and N line of the 297.6 7- 
transition; nevertheless its energy is greater than the energy of these lines 
by an amount exceeding our measurement error. We refrain from giving any 
identification for this line and the very weak 107.9 and 173.8 kev lines. 

In the region of electron energies below 80 kev there is a large number 
of poorly resolved conversion lines. Susceptible of exact identification in 
this region are only the above discussed lines associated with the 53.2 and 
77.1 kev y-transitions and the group of lines at 37 kev which is wholly or 
partially due to K-2L Auger electrons. As possible identifications we suggest 


71 kev transition - K line, E, = 13.3 kev; L line, E, = 60.7 kev; 
82 kev transition - K line, Ee 24.8 kev; L line, Ee 71.4 kev. 


Thus as a result of our investigation of the conversion electron spectrum 
we have detected six y-transitions and established the possible characteristics 
of three of them. We infer the existence of three other transitions which can- 
not be reliably identified. It is worth noting, however, that the sums of the 
energies of the following transitions 


(53.2 + 1.0) kev + (243.0 
(77.1 + 0.5) kev + (218.7 


1.0) kev 
1.3) kev 


(296.2 
(295.8 


2.0) kev; 
1.8) kev 


Tete 


as 
as 


are close to the energy of the 297.6 kev transition. 

According to Mottelson & Nilsson29 the spin of the ground state of Tm165 
must be the same as that of Tml169 (poth nuclei have an even number of neutrons 
and 69 protons), i.e., 1/2+. The Erl65 nucleus has 68 protons and 97 neutrons, 
i.e., must have the same spin and parity as Dy163, which also has 97 neutrons. 
The spin of Dy163, however, according to Murakawa & Kamei29 is 7/2, while ac- 
cording to Cook & Park3l it equals 5/2. The latter value appears to be more 
plausible. Hence we shall assume that the ground state of Erl65 is character- 
ized by 5/2-. In Fig.9 we give the decay scheme for Tnl65 constructed on the 
basis of our experimental data, utilizing the scheme of Mottelson & Nilsson. 
We make no claim for the complete reliability of this scheme, but we feel that 
the following data speak in favor of it. 

1. The level characteristics taken from the Mottelson-Nilsson scheme 
(hole excitation) do not conflict with our multipole order assignments. 

2. According to this scheme there must be a 24 kev transition between 
the 243 and 218 kev levels. It is possible that the conversion lines at 13.3, 
19.9 and 24.8 kev are partially due to this transition. 

3. In Table 15 we list the total abundances of the transitions indicated 
in the scheme of Fig.9, calculated from the intensities of the K and LScon yeas 
sion lines assuming the multipole orders of the transitions indicated in scheme. 


oe ee 
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In the case of mixed transitions we indicate 
the transition intensities evaluated for each 
component alone. As may be seen from the table, 
at the 243 kev level the intensities may be 
reconciled by an appropriate choice of the 

Ml + E2 mixture. Somewhat strange is the fact 
that the intensity of the 219 kev transition 
is several times higher than the intensity of 
the 77 kev transition. This might indicate 
that K-capture goes to the 218 kev level (5/2+) , 
which would be strange inasmuch as in this case 
there should be an equal probability of K- 
capture from the 1/2+ level to levels with 1/24 
and 5/2+. It may be assumed that the intensity 
at the 218 kev level may to an extent be bal- 
anced by the ~24 kev transition. 

4. It is possible that the 82 kev transi- 
tion is a transition from the first rotational 
300 kev level (1/2+, 3/2+) to the 5/2+ level. 
In this case there may also be 300 kev (El) 
and 5 kev (Ml + E2) transitions. 

In order to determine to what extent the 
proposed scheme is correct it would be desirable 
to have information on the relative intensities 
of the y-rays and y-y coincidences in Tm165,* 


4. Conversion Electron Spectrum of Tm166 | 


Fig.9. Possible decay scheme 
for Tm165, y-Rays: 1 - 218 
RSV, 2o-77 7, Kev ,<3.-). (5 key), 
4 - (24 kev), 5 - 54 kev, 6 - 
243 kev, 7 - 296 kev, 8 - 
(300 kev). 


In studying the conversion electron spectrum of Tml65, in one series of 
measurements we observed two groups of conversion lines which almost entirely 
vanished in the next series of measurements carried out some 24 hours later 
(Fig.10). Inasmuch as these lines were observed a few hours after chromato- 
graphic separation and 
vanished during the 
succeeding 24 hours, it 
is obvious that they be- 
long to a Tm isotope 


Table 15 
Intensities of y-rays and transitions 
in the decay of Tm165 


Ley IK ig ie ry with a period of a few 
hours. Only one thulium 
isotope with such a 
Li 14 Hes 14 Ae period is known, namely, 
o3 = 200 750 
219 15 zy 430) 450 Tm166 (7.7 hours). 
243 100 18 M1 E2 M1 £2 During the 30-40 hours 
10 1000 630 1100 etween'the 
298 18 6 M2 F3 M2 B3  clapsing between 
38 180 62 204 end of irradiation and 


beginning of measure- 
ment a major portion 


*Note added in proof: The results of an investigation of e~-e coinci- 
dences in Tml65 obtained by Dzhelepov & Sergienko in the Scientific Research 
Institute for Physics at Leningrad State University support our identification 
of the 161.2 kev conversion line as K-218.7. They also observed coincidences 
between the conversion electrons associated with the 53 & 243 kev and the qi! 
& 218.7 kev y-transitions, which is also evidence in favor of the decay scheme 


shown in Fig.9. 
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of the Tm166 produced in the reaction 
on tantalum has time to decay, but 

an additional amount is formed in 

the decay of Yb166 (60 hour) and pure 
decay occurs only after separation of 
the isotopes in the chromatographic 
column. The conversion electrons 
observed from Tm!66 had energies of 
71.7, 78.1 and 126.6 kev. The first 
two lines are, apparently, the L and 
M lines associated with the 80-81 

kev transition in Erl66, mfhis trans- 
ition of Erl66 was observed in the 
decay of Hol66. Its energy was 
determined as 81 kev. It was also 
established that this is an E2 trans- 
ition. It is generally assumed that 
the 81 kev level is the first excited 
state, has the quantum characteristic 
2+ and is the lowest level of the 
Fig.10. Conversion electrons from Tm166; yotational band - 80 kev (2+) , 264 


a - first series of measurements, b - kev (4+) and 546 kev (6+) (experi- 
second series of measurements carried mental energy ratios 1:3.30:6.83, 

out 24 hours after the first series, instead of the theoretical 1:3.3:7.00). 
ec - third series of measurements carried In the transition between the 4+ and 
out 48 hours after the first series. 2+ levels there must obviously be 

The dash curves in a and b represent released an energy of 184 kev and 


the conversion electron spectrum of Tm165 the corresponding K conversion elec- 
based on the results of the third series trons should therefore have an energy 
of measurements, reduced to the respect- of 126.5 kev. This is precisely the 


ive times of the given series of measure- energy of the third line observed by us. 


ments. The dash-dot lines are the spectra Thus our data fit well into the 
obtained as a result of subtracting the scheme of rotational transitions 

dash curve from the solid curve, i.e., shown in Fig.1l, based on B-decay 

are the spectra ascribed to Tm166 , studies of the long-lived isomer Hol66 


(~30 years) 39, In view of this we 
may assume that the 80 and 184 kev transitions are both pure E2. This enables 
us 1) to identify the L line observed in the region of 71.2 kev - this line is 
apparently primarily due to electrons resulting from conversion on the Ly] and 
Lrrr shells - and 2) to refine the energy value of the transition by adding 
the mean binding energy on the Lyy and Lyyqz shells to the energy of the line, 
BAS Tar Ey = 71.2\4+ 68.81 = 80.1 key: ra 

The spin of Tml66 can also be determined by the method of Peker’“. This 
nucleus contains 69 protons and 97 neutrons. The 69th proton in Tm169 produces 
a spin of 1/2, while the 97th neutron in Dy163 gives 5/2. Hence the spin of 
the Tm156 nucleus must be 2 or 3. Hence transitions to the third rotational 
state of Erl66,if at all possible,are characterized by a low probability, while 
transitions to the 80 and 264 kev levels are more probable. An obvious ques- 
tion is:what is the ratio of the probabilities of capture to the 80 and 264 
kev levels of Erl66? This question could be answered if we had been able to 
measure with sufficient accuracy the intensities of 71.9 and 126.6 kev electron 
lines. It was impossible to do this, however, because these lines were ob- 


served together with the lines of qTm166 and Tm197, 


en a ee es ee 
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The approximate ratio is No C72..2); 
>N,(126.6) = 1:02. 
25°] Using the theoretical values of the 
conversion coefficients, we obtain for 
the ratio of the total trans 


,/ ition proba- 
/ 
/f 


bilities; 
/| 
‘M274 | 139 
of) es Wgo0 : Wiga’= 1°: 0.8) 
/ 
[546 G64 It follows from this relationship 
that the branching ratio for capture to 
264 4" the 80 and to the 264 kev levels is 
are Wk-80 ie Wk-264 ch b 80. 
Thus according to our rough evalua- 
oS axe tion K-capture g0es primarily to the 
frm second excited (264 kev) level of Erl66 
&8 A 


: (4+). This seems rather strange inasmuch 
Fig.11l. Decay scheme for Tm166 , as with the above indicated spin (2 or 3) 


y-Rays: 1 - 80 kev, 2 - 184 kev, of the Tml166 nucleus, electron capture 


3 - 282 kev, 4 - 625 kev (745 should go mainly to the 80 key level (2+). 
kev), 5 - 850 kev. 


9. General Conclusions Regarding the Thulium Fraction 
ee the Phhufhium Fraction 


In Fig.12 we show the variation with time of the counting rate at the 
peaks of all the principal lines of the short-term (1 hour) irradiation thuli- 
um fraction. From this figure one can find the relative intensities of the 
conversion lines at any given time. 

Extrapolating these straightline plots 
to the time of chromatographic separation and 
utilizing the proposed decay schemes, we can 
find the relative content of the different thuli- 
um isotopes at the instant of separation. In 
order to find subsequently the relative reaction 
yields we must extrapolate the plots to the in- 
stant of irradiation, taking into account the 
genetic relationship of the isotopes. 

The Tm!° nucleus is a shielded one (ybl68 
and Ert98 are stable). Hence extrapolating its 
relative content to the instant of irradiation, 
we obtain the relative yield of this isotope 
from the spallation reaction. Tm165 ang Tm167 
nuclei are both formed as such and are also ac- 
cumulated in the decay of nuclei with Z > 69. 

a / Z 5 4 J In connection with the fact, however, that the 

ieee de periods of the parent nuclei are very short 
Fig.12. Variation with time (less than 20 min), one can, by extrapolating 
of the counting rate at the with respect to the periods of the thulium iso- 
peaks of the principal lines topes, obtain the yields for the given mass 
of the thulium fraction. numbers. We evaluated the relative yield for 

the mass number 166 on the assumption that 

during the time from the end of irradiation to the seen ea chromatographic 
od goat equilibrium was established in the decay of Yb (60 hours) to 
tm?S6 (7.7 hours). 
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Relative yields of nuclei with different A 
in the spallation reaction* 


*1. The number of decays per sec (activity) of We thank G.M.Gorodinskii, 
Tm167 was calculated on the basis of the conversion A.N.Murin and V.N.Pokrov- 
lines associated with the 207 kev transition. 2. skii for communicating 
The activities of Tm167 and Tm!68 were calculated the results of their 
from the L conversion lines of the 80 kev transi- y-spectra investigation 
tions. 3. The activity of Tml65 was evaluated from prior to publication 
the K = 243 conversion line. and L. K. Peker for 

. valuable discussion of 
"v.G.Khlopin"” Radium Institute of the the results. 
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ment for about 3 months. The chromatographic Separation was carried out a 
week after the end of bombardment. Measurements on this Sample began three 
weeks after the end of bombardment and were continued over a period of almost 
one and a half years. 

The second sample was obtained from a Ta target bombarded for one and a 
half hours. The chromatographic separation was carried out 30 hours after ir- 
radiation. The measurements were begun 3 hours after separation and continued 
over about 2 months. 

Lutetium has two stable isotopes: Lul75 and Lul76, The following informa- 
tion is available in the literature on the neutron-deficient isotopes of Lu. 
Wilkinson & Hicks2 in 1951 found a number of lutetium isotopes. The data on 
these isotopes listed in lines 2 through 8 of Table 1 have been taken from 
Seaborg's Table of Isotopes.3 The mass numbers were determined by the method 
of cross reactions;the nuclear radiation energies by absorption measurements. 

Nervik & Seaborg?4, investigating the lutetium fraction obtained by spal- 
lation of tantalum, detected in it, in addition to others, a 32-day activity, 
which they ascribed to yb1l69 formed as the daughter of Lul69, The cross 


Table 1 
Neutron-deficient lutetium isotopes according to the data in the literature 
Iso |Reliab. | Type Ana Energies, Mev Method 
tope of oF Feriod oz a of 
ident.* | decay artichg Y-rays obtaining 
i : 7 i 
69 | 1,7 days | Tod pee 
sal Bis ere. | parent Yb 100 S2days) 
| | 
lute |B EC *R 1,7 days | 2,5 Te ¢—=3/ 
171 ; EC 8,5 days mai 21 Tee Sn Ye 
Tu Hs mC ,o day | peer 
{ | e 
tad D EC ~~ 600 days ! ~{ Tia— a — 27 
Vin > z 5.7 days ee Tm— a — n; th 
Laut B =C 6,7 ay ie fom Ht? 
72! ee ra : (35 Tm=a— 7 Yb=— 
[ut?3 B i ne i hours ae ae 
pon; 
' | = > oO, q at Sey at ee | es 
ioe} 8 | Ee ~500 Jays” ~0,250,8 aoe aie ae 
; | Re 7 iD ; ~0.6 ~ | Lu—n—2n; Lu— 
a ae | - arr A Ms cha d — pln; Lu— p— 
— 200, 


pn, Hf—d—a 


—-—-=--—-. 


i 12 indi ed by Scaborg = 
*Degree of certainty of determination of A and Z as indicated y 6. 
** BC = electron capture 


sections for the formation of the 32-day and 1.7-day activities are close and 
this suggests that the 1.7 day period belongs to Lul69, Gorodinskii et a15 
investigated the y ho 


the lutetium fraction and established that this y- 


Many conversion lines were observed in the electro 
gated lutetium samples. The observed lines may be 
on the basis of the observed decay period: 

1) conversion lines whose intensity falls off with a period of 150-200 
days (~0.5 year) 

2) conversion lines with a decay period of-8 days and 

3) conversion lines with a period of about 2 days. 

The lutetium sample obtained by prolonged bombardment (~3 months) was in- 
vestigated over a period of almost one and a half years, during which time 
seven series of spectral measurements were carried out. The first four series 
of measurements were made within one month; in these we observed the lines of 
the first and second groups. The next three series of measurements were sepa- 
rated by intervals of 1-1.5 months; in them we observed only the lines of the 
first group. 

The short-term (1.5 hours) bombardment lutetium sample was investigated 
over a period of 2 months. During this time we carried out eight series of 
spectral measurements. During the first 2-3 weeks the conversion spectrum com- 
prised electrons of the second and third groups. In the last series of measure- 
ments we observed electrons of the second group; at the very end of the measure- 
ments there became noticeable the strongest 17.4 kev line of the first group of 
conversion electrons. In addition, the spectrum of this sample comprised con- 
version electrons from Yb169 formed as a result of decay of one of the 2-day 
isotopes. 


1. Conversion electrons from Lu isotopes with a period of 150-200 days 
—_—_—————_ea—_————— $$ eet a period of 100-200 days 


As was noted above in the 5th, 6th and 7th series of measurements on the 
long bombardment sample there were observed only the conversion electrons of 
the first group (T = 150-200 days). The general appearance of the spectrum 
did not vary from series to series. The average value of T was 170 days (the 
individual values have a spread from 120 to 250 days). A month after separation 
the count at the strongest line was still 2000 pulses per min. 
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Fig.1. Conversion electron spectrum of Lu isotopes with T = 150-200 days. 
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Table 2 
Relative intensities of the conversion lines of Lu 
having a period of ~170 days (average value 
for 3 series of measurements) 


Our data on the 
energies and relative in- 
tensities of the conver- 
sion lines of the first 
group are shown in Table 


: alectron Relative P 
Io + 
energy, kev Identification intensity 2. Conversion electron 
—— - —-— —a spectrum of these Lu iso- 
%3 ' ; topes is plotted in Fig. 
we Lara's el tS 1. We attribute the 
Vz tif a ck a) Beez 
ee ares 5.8 KAM ) | Sciilgs 42.2, 48.2, 49.9, 56.7 
) Pip ir A ta ted . ) = re) 
pe | oe @ f ihe a and 58.8 kev lines to K- 
a Mossi 
(),5 dap Bis 
be cae ee K—LyyLyy, -XY Auger electrons. It 
7) ath dh = J 
ve A en eT siaccal is not impossible, also, 
ak oe Hie 9,4 4 : 
22 56,740, 1 AMM {50,3 that part of the intensi- 
oe 98, 8+0,3 A-MN _ (), 394-0, 12 ty of the 39.4 kev line 
106 HS, 20,2 5 a heat 5 Cah 6,240,5 (K-100) is due to K-2L 
Y16 64 6-0, 1 Lyi) 1, 29-+-0,08 
947 Ayu | (b) U' 100,04 Auger electrons. 
Y62 76,27-0,3 M-79 1 ,38--0,09 We identified the 
te sees fcuk sisi penne peta eb eps Lee 
4 Ws, 2a re Ae ’ 
1105 O8 64-02 M-A04 0, 26-40 , 05 and 78.4 kev lines as 
iy Fre one AS pe te the K, (Ly as Lyy)» Lirq> 
22 8,2-+0,2 K-179 0, 164-0, 02 
1499 170,3+0,3 L-173 0, 08-+0,02 M and N lines associated 
1700 244, 34-0,3 ig?) 0,19-+-0,02 with the 78.7 + 0.7 7- 
19333 2622-0,3 L-272 ; 9,0074-0,002 transition. From the 


experimental difference 
between the energies of 
the K and M conversion lines one can establish the atomic number of the nucle- 
us in which the said transition occurs: 
X-ray value of K - M for Z 69 - from 57.0 to 58.0 kev, 
es i Z = 70 - from 58.9 to 59.8 kev, 
Z 71 - from 60.8 to 61.7 kev; 

The experimental value of K - M is 58.8 kev. Consequently, the transi- 
tion presumably occurs in the nucleus with Z = 70 (Yb). 

Knowing the atomic number of the nucleus in which the transition occurs, 
one can readily show that our identification of the close unresolved 68.2 
and 69.6 kev lines as (Ly + Ly) and Ly . is correct. Invoking the binding 
energies on the K and L shells, we can ddauce the exact energy value of the 
transition: 78.8 + 0.7 kev. 

To determine the type of the transition we compared the experimental 
ratios of the conversion line intensities to the theoretical values for Gite 
ferent multipole orders. The theoretical values of the K/L ratio were com- 
puted in the same way as in the investigation of Ref.1. As may be seen from 
Table 3, the experimental values of the ratios K/L and Lyzy/ (Ly + Ly) for 
the 78.7 kev transition are most consistent with the theoretical values for 
an Ml transition; it will be noted, however, that the experimental value of 
Lyzyy/(@yzy + Lb ) is approximately half the theoretical one for Ml. This di- 
vergence limits the possible admixture of E2; even with a 10% admixture of E2, 
the divergence between experiment and theory becomes greater than 3-fold. 

We identified the 100.7 kev transition from the 39.4 (K), 90.2 (L) and 
98.6 kev (M) lines. The experimental value of K - M, equal to 58.8 kev, 
shows that the transition occurs in a Z = 70 nucleus (see above). The experi- 
mental value of the difference K - L for the 100.7 kev transition is 50.7 kev 
(the tabular values for Z = 70 are K - Ly = 50.8, K - Lyy = 51.3 and K ~ Lyyy= 
= 52.4 kev); in view of this it may be assumed that the conversion occurs 
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primarily on the Ly shell. With Z = 70 and hy = 100.7 kev, Q, > 7, and 

I I 
OLrry for El, Ml and M3 type transitions. Even with 10% admixture of M2 in 
the first case and 25% E2 in the second and third cases, the intensities of 
the Lyy and Lyyzy conversion lines, according to the theoretical conversion 
coefficient, should be comparable to the intensity of the Ly line. Presumably 
the K-L;L, and K-L;L,; Auger electron lines, having energies of 40.3 and 40.8 
kev, should be superimposed on the K line (39.4 kev) of the-100.7 kev transi- 
tion. An attempt to determine the fraction of Auger electrons in the 39.4 kev 
K line, made utilizing the data on the relative intensities of K Auger elec- 
trons for silver (Z = 49) (from Ref.6) and our data on the intensities of the 
K-LM and K-MX Auger lines (Table 2), led to the result that the entire 39.4 
kev line is produced by Auger electrons. This result is probably erroneous 
in view of the following facts. 

1. The energy of the 39.4 kev line differs too much from the energy of 
the K-Ly]Ly and K-LyLy; Auger electrons (40.3 and 40.8 kev) for it to be wholly 
due to the Auger electrons. 

2. In the conversion electron spectrum of Tml67 the group of K-2L Auger 
electrons is well separated in energy from the other conversion lines and 
hence it may be assumed that in this case the shape of the K-2L Auger electron 
peak is not distorted - see group B in Fig.4 of Ref.l1. It will be seen from 
that figure that in the K-2L Auger electron group there are evident two peaks 
but that both are of approximately the same intensity. 

In view of this it appears more probable to us that the principal part 
of the intensity of the 39.4 kev line is nevertheless due to conversion elec- 
trons of the 100.7 kev transition. Obviously, under the circumstances, the 
intensity of the K-100.7 line’can be determined only approximately. The ex- 
perimental value of the ratio K/L is, apparently, somewhat less than 6.7. 

The theoretical values of the K/L ratio for different multipole orders are 
listed in Table 3. 
Table 3 
Comparison of the experimental values of K/L and Lyyy/(Ly + Lyq) 
with the theoretical values for different multipole orders 


Transi- “xperimental : 
tion, kev Ratio value Et = ES | Mi M2 M3 
fhe 1 Oe 5,2+0,9 6,1 O49) 0.02" ono leon nO soe 
Lyyy/(Lqz + Lz) | 0,0470,014 | 0,26 | 0,72 | 0,22 | 0,09 | 0,26 | 0,44 

100,7 K/L <i 0,8 0,94 0,1 Gail 1,6 1,4 
179,5 KIL ALOT OE 5H id Fe 8 a tee nee 
272.5 K/L 210. £5,882 dA. 16,00 Wa temas 

We identified the 118.2 and 170.3 kev 
Table 4 conversion lines as the K and L lines associ- 


Comparison of the experimental 
value of K - L with the 
theoretical values for 
different atomic numbers 
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ated with the 179.5 + 0.7 kev transition. 

The experimental value of the energy differ- 
ence between these lines does not allow of 
establishing the atomic number of the nucleus 
in which the transition occurs; it appears 
most probable, however, that Z = 70 (Yb) (see 


| Theoretical |Experi- 
Eo apes eer Ns a lee bstantiated 
Z=i0 | i= aoe This deduction is further substan 
by the fact that the 179.5 kev transition 
K—Ly nape re energy is almost exactly equal to the sum of 
K—Lyy o1,2 cl : the energies of the 78.7 and 100.7 kev trans- 
Mo Ly sy ae ee eee itions which we know occur in the nucleus 
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with Z = 70. The experimental value of the conversion ratio K/L for the 
179.5 kev transition within the limits of experimental error equals the theo- 
retical value of this ratio for an E2 type transition. 

One cannot reliably identify the 211.35 kev conversion lines as the K 
line of a 272.5 kev y-transition on the basis of our data alone. The L line 
S only once (in the 6th series of measure- 

However, our identification is upheld by the fact that Gorodinskii 
» investigating the y-ray spectrum of the same lutetium fraction on a 
scintillation Y-spectrometer, detected Y-rays with an energy of about 270 kev. 
The ratio of the intensities of the K and L conversion lines according to our 
data is greater than 10. This value is not consistent with any of the theo- 
retical values of the ratio but is closest to the values for El and Ml type 
transitions (Table 3). At present we refrain from any attempt at identifica- 
tion of the a, b and c electron lines in Fig.1, having energies of 34.1, 74.2 
and 110.1 kev. 

We must now turn to the question of what lute 
conversion lines belong to and what may be the character of the decay schemes 
of these isotopes. Closest to the observed 150-200 day activities is the 
period of Lul74 (165 days). Hence we will begin our analysis with this iso- 
tope. Lul74 must convert to Ybl74, The first excited level of even-even 
nuclei in this region is situated at about 80 kev. It is natural to assume 
that the detected 78.7 kev transition is associated with the de-excitation of 
this level. In Ybl74 just as in neighboring even-even nuclei, there should 
be evident a rotational band comprised of 2+, 4+ and 6+ type levels with ex- 
citation energies in the proportion 1:3.29; 6.78 (average value for Erl66 
and Hf 76) | In the case of Lul74 the excitation energies should be 78.7, 
258.9 and 533.5 kev. The transitions should be of the E2 type and have ener- 


tium isotopes the observed 


gies of 78.7, 180.2 and 274.6 kev. These values are very 
mentally observed ones of 179.5 and 272.5 kev; if we take 
error in determining the level energies (0.7 kev) and the 


close to the experi- 
into account the 
theoretical energy 


ratios (3.29 + 0.01 and 6.78 + 0.04) one 
_ might say that the values coincide. In view 
7 Us of this one might attempt to describe the 
J [6.7] decay by the scheme shown in Fig.2. A number 
\ B of difficulties arise however. 


1. Gorodinskii et al’ observed coinci- 
dences between the 78.7 and 100.7 kev y-rays 
and coincidences of all the y-rays (78.7, 100.7, 
179.5 and 272.5 kev) with the x-rays. No other 
coincidences were observed. 

2. In the decay scheme of Fig.2 all the 
transitions must be E2 whereas actually Ml, 

E2 and El or Ml type transitions are observed. 

3. Inasmuch as in the decay of Lul74 
there forms a state with 6+, presumably the 
spin of Lul74 must be great. It can be deter- 
mined by means of Peker's rule’, Inasmuch 
as the spins of Lul75 and yp!73 are 7/2 and 
5/2, respectively, the spin of Lul74 mgcabe 
6 or 1. Of these two alternatives, apparently, the first is SoM imi. 
this is the case, the principal decay goes to the 6+ level, heii hs Saeate 
ition probabilities to the 4+, 2+ and 0+ levels are low. Capped aa 
conversion, it may be deduced that the relative intensities o ey 


should be 


Fig.2. Possible decay scheme 
for Lul74, 
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Yet according to the data of Gorodinskii et al’ the actual ratios are 


The relative intensities of the conversion lines must be 


K79: L7g: Kj 79: Li79: Ko7g = 1.00 : 2.04: 0. 79: 0. 39: 0. 30: 0. O89 
while the observed ratios are 1.00 : 0.20 ; 0.005 : 0.002 : 0.006 : 0.0006. 


Thus we see that there is no agreement as regards the relative intensities 
of the y-rays and the conversion lines. Taking into account these circumstances 
as well as the presence of the intense 100.7 kev y-ray which does not fit into 
the scheme, we must admit that all the experimental facts cannot be explained 
by means of the scheme pictured in Fig.2. At the same time there can be no 
doubt that the scheme of Fig.2 is to some degree applicable to Lut74. It may 
be assumed that part of the observed radiation does occur according to the 
scheme of Fig.2, but the absence of coincidences between the strongest 78.7 and 
272 kev y-rays shows that this part cannot be a major fraction. 

We must, consequently, take into account the possibility that the identi- 
fication proposed by Wilkinson & Hicks on the basis of nuclear reactions is 
erroneous and that the activity close to 170 days belongs not to Lul74 but to 
some other Lu isotope. It should be added that the existence of other long- 
lived even-even isotopes of Lu, such as Lul72 or Lul70, would not help ex- 
plain the established facts inasmuch as they would have a similar sequence 
of excited states. Therefore, let us assume that the sought isotope is Lul73 
decaying into yb!73. Regarding yb173 it is known? that the ground state spin 
is 5/2; no excited states of Yb!73 are known. In the rotational band region 
of the rare earths (152 q A <190) rotational levels are observed in many odd 
nuclei. There are, however, only two known nuclei in this region with a 
ground state spin of 5/2. These are Eul53 and Dy161, The 7/2 and 9/2 spin 
levels of these isotopes lie at 84 & 194 and 74.8 & 166 kev. The energy of 
the rotational levels in a nucleus with spin I #4 1/2 can be written 


E,I(I + 1) + Egi*(1 + 1). 


If we neglect the second correction tern, 
the energy of the levels must be character- 
ized by the series 7, 16, 27, 40..., i.@., 
the energy ratios must be 1: 2.28: 3.86. 
In Eul53 and Dy!61 the energy ratios of 
the first two levels are close to 2.28-2.31 
and 2.22 respectively; this means that the 
second term is actually very small and 

can be disregarded. 

Applying the indicated series to Ybl73, 
we obtain the level sequence 78.7, 179 and 
304 kev. We immediately note that the 
first two values and the difference between 
them correspond exactly to the energy of 
the three observed transitions. They fit 
into the scheme shown in Fig.3. 
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Fig.3. Decay scheme for Lul73 
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awe ee cr exnont, the 179.5 kev transition must be E2. 

saa perimental data. The 100.7 and 78.7 kev 
transitions must be of the Ml type with an admixture of E2, which is also 
not in conflict with the experimental results. 

We now have to determine the origin of the 272.5 kev transition. The 
third rotational level of Yb173 must have an energy of about 300 kev. Obvi- 
ously, the 272.5 kev transition cannot be associated with this level. On 
the other hand, it cannot be a transition between rotational levels inasmuch 
as then there would be coincidences of the y79 and ¥972 rays. The vibrational 
levels in these nuclei lie considerably higher. Hence we have no other course 
than to assume that this transition is associated with a single particle level 
of Yb173, It must be a cross-over transition to the ground state of Yb173 
inasmuch as the 272.5 y-ray does not yield coincidences with any other y-ray. 

On the basis of the scheme of Fig.3 the 179.5 kev of transition must be 
of type E2 and hence it would be convenient to utilize it for relating the 
y-rays and the conversion electrons. The conversion electron spectrum, how- 
ever, comprises a 110.1 kev line for which we cannot exclude the identification 
K = 171.4. In this case the intensity of the y-rays ascribed by Gorodinskii 
et al’ to the 179 kev transition pertains both to the 179.5 kev transition and 
to the 171.4 kev transition. In view of this, for establishing correlation 
between the y-rays and the conversion electrons we chose the 78.7 kev transi- 
tion, regarding which it was shown above on the basis of the K/L and Lyyy/ 
/(Ly + Lyy) values that it is either pure Ml or Ml plus an admixture of up 
to 10% E2. Taking the intensity of the y-rays of this transition as 1.00 and 
utilizing the theoretical conversion coefficients for a type Ml transition, 
we evaluated the relative intensities of the y-rays and conversion electrons; 
the results are shown in Table 5. 

Table 5 
Comparison of the relative intensities of the y-rays and conversion 
electrons (OK for the 78.7 kev transition taken equal to pate 
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In the same table we list the experimental coefficients for conversion 
on the K shell, which are, of course, the intensity ratios of the K conver- 
sion electrons to the y-rays. From a comparison of the experimental value 
of Qx for the 272.5 kev transition with the theoretical valuesit is evident 
that the transition is El. The experimental value of the K shell conversion 
coefficient for the 179.5 kev transition is three times smaller than the 
theoretical value for the E2 type transition. It is possible that this is 
due to the presence of the above mentioned 171.4 kev y-rays. In determining 
the intensity of the K conversion electrons associated with the 100.7 kev 
transition, we took the total intensity of the 39.4 kev line, neglecting the 
contribution of the K-2L Auger electrons. Since the assumed K electron in- 
tensity is overvaluated, the deduced value of Q, for this transition must be 
an overestimate. The experimental value of Ox for the 100.7 kev transition 
(1.96) differs appreciably from the theoretical value for an Ml type transi- 
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tion (3.1). This could be explained by an appreciable admixture of E2 (>30%). 
Utilizing the theoretical ratio of the intensities of quadrupole y-radiation 
from the second rotational level to the first level and the ground statelO 
one can evaluate the percent admixture of quadrupole radiation in the 100.7 
kev transition. Evaluated in this manner, the admixture of E2 does not ex- 
ceed 5%. Thus there appears to be no satisfactory explanation for the high 
experimental value of Q for the 100.7 kev transition. 

Utilizing the data on the total number of transitions, we obtain the fol- 
lowing ratios for the numbers of electron captures to the levels of Yb173. 
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In order to evaluate the number of captures to the ground level of yb!73 one 
must know the relative intensity of the x-ray radiation. 

Comparison of the relative intensities of the y-rays and conversion elec- 
trons on the assumption that the 78.7 kev transition is mixed (90% Ml + 10% 
E2) leads to identical results. 


2. Conversion electrons from Lu isotopes with a period of 7-8 days 


Conversion lines associated with the l-week isotopes were observed in 
the spectra of both the long and short-term bombardment samples. The conver- 
sion electron spectra of the long-term bombardment sample were investigated 
seven times over a period of one and a half years. The electron lines of 
both the half-year and week period isotopes were observed in the first four 
series of measurements. In the last three series only the electrons from the 
half-year isotopes were present. The conversion electron spectrum of the 
half-year isotopes was reduced to the time of the first or second series 
measurements and subtracted from the latter spectrum. The difference spectrum 
obtained in this manner is shown in Fig.4. It should be noted that for obvious 
reasons such subtraction leads to reliable results only in those parts of the 
spectrum where there are no intense conversion electrons of the first group. 
Hence the sections of the spectrum where there were present intense lines assoc- 
iated with the half-year isotopes are omitted in Fig.4 (dash lines). 
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Fig. 4. Conversion electron spectrum of ~8-day lutetium isotopes. 
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Spectrum of the short- 
two months. 


term bombardment Sample 
During the first 2 weeks conversion 
were observed in the spectrun. 
d the spectrum of the l-week iso- 
trum shown in Fig. 4. 
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Table 6 
Energy and relative intensities of the conversion line of Lu isotopes 
with a period of ~8 days 
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Adding the energy of the K line to the binding energy on the K shell of 
Yb, we obtain the value of 75.8 + 0.3 kev for the energy of the transition. 
Comparison of the experimental and theoretical values of the K/L and 


(Ly + Lyy)/Lyyz ratios (Table 7) shows that the 75.8 kev transition is of 
the E2 type. 


Table 7 
Comparison of experimental and theoretical values of K/L and (Ly + Lyp)/Lyry 
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We attribute the 29.3, 80.8 and 88.5 kev lines to the 90.6 kev y-transi- 
tion. In view of the experimental value of the difference K - M (59.2 kev) , 
it may be asserted that the transition occurs in a nucleus with Z = 70 (Yb). 
Taking Z = 70, we obtain from the K-line and binding energies, a value of 
90.6 + 0.5 kev for this transition. Comparison of the experimental and theo- 
retical conversion ratios indicates that this transition is probably E2. 

We attribute the 120.4 (K) and 171.9 kev (L) lines to the 181.7 kev y- 
transition. Again, the magnitude of the difference K - L (51.8 kev) allows 
us to assert that the transition occurs in a nucleus with Z = 70 (Yb). The 
energy of the transition evaluated on the basis of the K line energy and the 
binding energy equals 181.7 + 0.7 kev. Comparison of the theoretical and 
experimental values of K/L (Table 7) indicates that the 181.7 kev transition 
may be either E2 or M3; it may also be a mixture of Ml + E2 or E2 + M3. 

The energies of the 40.2 and 42.4 kev electron lines coincide with the 
energies of the K-2L Auger electrons from ytterbium; the energies of the 48.0 
and 49.6 kev lines are consistent with the energy of the K-MM Auger electrons. 
These lines are apparently due partly or entirely to Auger electrons. 

Goroginskii, Murin et al” investigating the y-spectrum of Lu isotopes 
with a period of 7-8 days detected the following y-rays: 180-190, 300-350, 
480, 720, 900, 980 and 1080 kev (they did not investigate the region of the 
spectrum below 150 kev). In view of the existence of ~900 and ~980 kev y-rays, 
it may be inferred that the 845.6 and 903.1 kev conversion lines are the K 
lines associated with these transitions. In this case the respective refined 
transition energies are 906.9 + 3.0 kev and 964.5 + 3.0 kev. 

The presently available data are insufficient for identification of the 
other lines listed in Table 6. 

We also investigated a lutetium sample separated from hafnium formed as 
a result of spallation of tantalum. From the results of our investigation of 
the conversion electron spectrum we feel safe in asserting that the Nos. ise 
14, 15, 17, 18, 21 and 22 lines (Table 6) are associated with Lul71. To what 
nuclides the other lines belong remains unclear. 


s Conversion electrons from Lu isotopes with a period of ~2 days 
ee ee 


The conversion electrons of the third group (~2-day activity) were ob- 
served only in the spectrum of the short-term bombardment sample. As was 
noted above, in the spectrum of the short bombardment sample we observed con- 
version electron lines of the l-week and 2-week Lu isotopes as well as a 
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Table 8 
Comparison of the energies and relative 
intensities (based on counting rate 
at the peak) of the conversion lines 
observed for the lutetium sample with 
the energies and intensities 
of the lines of yb1®9 


identifica-— 
tion, kev | 
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Fig.5. Accumulation and decay of 
Ybl69 in the short term bombardment 


sample. Curves plotted on the as- 
sumption of parent activities 1) 
1 day, 2) 1.5 day, 3) 2 day. 


Conversion electron lines of Lu isotopes with a period of 


number of conversion electron lines 
that, on the basis of their energy 
and relative intensity, must be at- 
tributed to Yb/69 (Table 8) (we car- 
ried out a special study of the con- 
version electron spectrum of an Yb169 
source under the same conditions). 
The intensity of the lines attributed 
by us to Yb169 at first increased for 
several days and then fell off with 

a period of about 32 days. 

In Fig.5 we have plotted the 
curves characterizing the rise and 
decay of the daughter activity (32- 
day Yb!69) for three different values 
of the parent activity (1, 1.5 and 2 
days). In the same figure the points 
(crosses) indicate the experimental 
variation of the intensity of the K- 
-198 conversion line. The calculated 
curves have been plotted to intersect 
at the experimental point for t = 666 
hours (not shown in the figure). It 
will be seen that the experimental 
points fit closest to the theoretical 
curve for a parent activity of 1.5 
days. Thus our data substantiate the 
deduction of Gorodinskii, Murin et 
al that in the spallation of tantalum 
there is formed the isotope Lul69 
with a half-life close to 2 days. Does 
Lul70 form in the reaction? Can the 
entire 2-day activity detected by Ner- 
vik & Seaborg and Gorodinskii et al 
in their lutetium fractions be associ- 
ated with the decay of Lul692 Our 
data supply an answer to these questions. 


Table 9 
~2 days 
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Fig.6. Conversion electron spectrum of the ~2-day Lu isotopes. 
The vertical bars indicate the lines of 8-day Lu; the dash line 
is the conversion spectrum of ybl69, 


The observed conversion lines of the third group are listed in Table 9. 
Fig.6 shows the conversion electron spectrum obtained in the second series 
of measurements on the short-term bombardment sample. The vertical bars along 
the horizontal axis indicate the conversion lines that we class in the second 
group; the heights of the bars are approximately equal to half the height of 
the corresponding peak. The dash-line in Fig.6 represents the conversion 
electron spectrum of yb169, plotted on the basis of our measurements of the 
above mentioned ytterbium source; the intensity is referred to the K-198 line. 
As may be seen from Table 9 the data of the conversion lines of the third 
group allow of identifying seven 7-transitions. 
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Table 10 
Comparison of the experimental and theoretical 
K/L and (Ly + Lyy)/Lyyz ratios for the 84.3 kev 
transition 


Exper. 
value 
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Table 11 
Comparison of the experimental values of the 
difference K - L with the x-ray values 


BO) 


0.15. Evaluation of (Ly + Lyy)/Lyy 


yields approximately 0.8. 


The 84.3 kev trans- 
ition was identified 
as the transition giv- 
ing rise to the 23.0 
(K) , 74.2 (Ly + Lryp) ’ 
75.4 (Lyzp; 82.4 (M) 
and 83.4 kev (N) elec- 
tron lines. Comparing 
the experimental value 
of the difference K - M 
(59.4 kev) with the 
X-ray values, one can 
readily show (see above 
under Section 1) that 
this transition occurs 
in a nucleus with 
Z= 70 (Yb). Adding 
the energy of the K 
line to the binding 
energy on the K shell 
of Yb, we obtain a 
value of 84.3 + 0.3 
for the energy of the 
transition. In view 
of the complexity of 
the spectrum,it is dif- 
ficult to determine ac- 
curately the K/L ratio; 
it is of the order of 
Comparison of 


these experimental ratios with the theoretical ones (Table 10) shows unambigu- 


ously that the 84.3 kev transition is of the E2 type. 


An E2 type 84.8 kev y-transition was observed in the B-decay of Tm 


LO) px 


Michelich & Church?9; they found that the experimental values of the conversion 


ratios were K/L = 0.15 and Ly:Lyyz:L 
this transition goes from the first 
Ybl70, 
occurring in the disintegration o 
an answer to the above question: 
present in our sample. 


= 0.1:0.83:1.00 and established that 
rotational level to the ground level of 
There can be little doubt that we have detected the same transition 
f Lul70 by K-capture. 
the Lu isotope with mass number 170 was 


Thus we can now give 


In Table 11 the experimental values of the difference K - L for the 


other six y-transitions are compared with the 
numbers. 
nucleus with Z = 70 (Yb). 

spectrum shown in Fig.6,b 

the individual lines and d 
obvious from the general appea 
all these transitions is greater than unity. 
among the six y-transitions listed in 
a multipolarity higher than quadrupole. 


period of the conversion lines of the third group (Table 9), 
ion lines of the third group are associated 


asserted that all the convers 


with the decay of two lutetium isotopes, namely, Lut 


9 and Lut70, 


tabular values for two atomic 
It appears highly probable that all these transitions occur in the 
In view of the fact that the conversion electron 
is very complicated, we did not attempt to resolve 
id not determine the relative intensities. 
rance of the spectrum that the K/L ratio for 
Hence it may be asserted that 
Table 11 there are no transitions with 
On the basis of our evaluation of the 


It is 


it may be 


As already 
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noted, the 84.3 kev y-transition undoubtedly belongs to Lul70 and is a trans- 
ition between the first rotational level and the ground state of yb!70. The 
energy of the transition between the second and first rotational states must 
be 84.3°2.33 = 196 kev. It is possible that one of the three detected y- 
transitions - 190.7, 193.1 or 203.5 kev - is this transition. At present we 
can draw no further inferences regarding the nuclides responsible for the 
other conversion lines listed in Table ll. 
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INTERNAL CONVERSION ELECTRON SPECTRUM OF RAD IOTHORIUM. 
(Hp = 1380-2700 and 3500-9000 gauss-cm regions) 
=4YaD,VYorob’ev, K.I.I1'in, T.I.Kol 'chinskaia, G.D. Latyshev, 
A.G.Sergeev, Iu.N.Trofimov & V.1I.Faleev 


Part III 


Introduction 


The present report is the third in this series giving the results of our 
investigation of the internal conversion spectrum of the RaTh active deposit. 
Part I (Ref.1) was devoted to the high energy section of the spectrum (Hp 

> 2600 gauss-cm), while Part II (Ref.2) was concerned with the low energy 
region (Hp <1380 gauss-cm). The measurements were carried out on a magnetic 
Ketron type spectrometer with a resolution of 0.25%. The magnetic field was 
measured and stabilized by the method of proton magnetic resonance?. For 
determining the conversion electron energies the instrument was calibrated 
with reference to a number of RaTh active deposit lines whose Hp values are 
known with great accuracy from the studies of Refs.4 & 5. The calibration 
curve for the Ketron is given in Ref.2. The accuracy of determination of Ho 
for the intense lines is evaluated as l part in (2-3) -104. 


1. Conversion lines intensities 


In determining the relative intensities of the conversion lines we took 
into account the fact that part of the ThC" atoms leave the target due to 
Q-recoil in the ThC—>ThC" decay. As a result, the intensity of all the con- 
version lines produced in the Thc" ThD decay is reduced by about 30% as com- 
pared with the intensity of the lines pertaining to other nuclei.© For this 
reason the intensities of all the lines arising in the ThC''—» ThD decay were 
evaluated with reference to the L line from the same decay. The intensities 
of the other lines were found relative to the I line from ThB — ThC. In 
order to establish a relationship between the two sets of intensity values, 
we found the ratio of the intensities of the L and I lines with the source 
covered by an appropriate film (~10 ug/cm2) precluding the escape of the 
recoil atoms. We also calculated the absolute intensities of the conversion 
lines, i.e., the number of electrons per ThB decay. The calculations were 
made with reference to the X line, the absolute intensity of which is 1.7:107 
electrons per ThC" decay event. This value follows from the theoretical con- 
version coefficient’ for an E3 transition. That this is the multipole order 
of the transition in question is demonstrated in Refs.6 & 8. 

In order to check our calibration as regards absolute intensities, we 
carried out a comparison of our data on the intensity of the 40 kev y-transi- 
tion of the known value for the excitation probability of the 40 kev level of 
Thc" in the a-decay of ThC; 70% of the @-decays in the ThC —> ThC" process go 
to this level. In addition, this level is excited in y-transition from the 
upper levels of ThC"'; according to our data the percentage of such transitions 
is 2%. Thus the probability of excitation of the 40 kev level of These Tae 
The number of transitions from this level to the ground level is 


3 


N= Nu, + Nuyy + Nur +Ny + Ny + Not Ny» 


where Nuy: Nyy °° are the numbers of conversion electrons from the 40 kev 


y-transition per ThC —» ThC'’ and Ny is the number of quanta with 40 kev energy. 


= 957 -- 


Conversion of the 40 kev y-transition on Ly shell of 71298 (Thc") gives 
rise to a strong A line. This A line, however, has an appreciable admixture 
of K electrons from the conversion of the 115 kev y-rays from Bi212 (pnc) .* 
The magnitude of this admixture can be calculated inasmuch as the intensity 
of the E line associated with conversion of the 115 kev y-rays on the Ly shell 
of Bi212 is known. From the ratio Ly/Ly, it follows that the 115 kev transi- 
tion is Ml, and for Ml the value of the K/L ratio is 6.3. It was found that 
the contribution made by the K conversion electrons to the A line is 15%. 
Taking this into account, we have Ny, = 0.446. The number of conversion elec- 
trons on the other subshells is 


Nuyy + Muzzy + Nm + Ny + No = 0-208. 


The number Ny of transitions with y-radiation can readily be computed 
from the theoretical conversion coefficient on the Ly; shell. From the 
Ly:Lyy:Lyyzz ratio it follows that the 40 kev transition is pure Ml. Utilizing 
Rose's! conversion coefficient corrected for finite nuclear sizell , we obtain 
Ny = 0.031. 

Thus the intensity of all the transitions from the 40 kev level is N = 
=0.685 electrons per ThC — Thc'' decay, which differs by only 5% from the ex- 
citation probability (0.72) of this level. The agreement may be considered 
good particularly if we take into account the fact that Nz,,, NL,;,, etc. were 
determined by means of the X line (Ey = 2615 kev) located at the other end 
of the spectrum. 

The absolute intensities for some of the strongest conversion lines from 
RaTh have been measured by Martin & Richardsonl2 and Flammersfeld!3. Our 
data differ from those of Martin & Richardson by 8% on the average and from 
the data of Flammersfeld by 5%. We evaluate the accuracy of our absolute 
intensity determinations as 5-10% for the most intense lines. 


Three series of measurements were made in investigating this region of 
the spectrum. In each series we determined both the positions and intensities 
of the lines. The average Hp and line intensity values are listed in Table 1 
together with the electron energies and corresponding y-transitions, identi- 
fications of the lines and the comparative data from Refs. 12-15. It will be 
noted that our data on the Hp values and particularly on the intensities differ 
appreciably from the data of Refs.13 & 14 in which photographic recording of 
the electrons was employed. 

We did not observe the six lines - F2, Fbl, Gl, Hl, Ia2 and Ja3 - detected 
by Suruguel5. Presumably the Fbl and Gl lines were masked by the strong Fb 
and G lines. For the other lines we indicate in Table 1 the upper bounds of 
the intensities which, according to our data, lie peltw the upper bounds indi- 
cated in Refs.14 & 15. At the same time we discovered four new lines in this 
region: Fal, Jc3a, Jc3b and Ll. The Jc3a and Ll lines are due to conversion 
of 312.6 and 437.7 y-rays, respectively on the L shell of T1298 (ThC"). 

*The presence of an admixture of K electrons in the A line was shown by 
us in Ref.9. The amount of the K electron admixture determined therein is 
not accurate inasmuch as in the graphic resolution of the A line we did take 
into account the high energy Ly-line tail due to the Doppler effect. 
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ree 7 ae es ot ee = The possibility 

| | that such a trans- 
| | | ition exists fol- 

| lows from the 

ThB —» ThC decay 

scheme. We can 

“0 | “give no identi- 

2200 2220 2244 2260 a fication for the 


Fal line. 
Fig.5. Hop = 4140 to 4280 gauss-cm section of the spectrum We did not 
(the Pa2 line was resolved into two components: Pa2 & Pa2a). measure the inten- 


sities of the Ia, 
Ial and J1 lines in the pres- 
ent investigation; their in- 
tensities are taken from 
Ref.16. The J2 and Jc2 lines 


N 
908 


i é 2430 2500 ri are located at the sides of 
the stronger Ja and Jc lines. 

Fig.6. Hp = 4630 to 4760 gauss-cm section of In evaluating their intensi- 
the spectrum containing two of the newly de- ties we carried out a graphic 
tected lines (after plotting of the Ra line resolution of the lines em- 
according to the standard shape, in all four ploying the standard line 
series of measurements there remained in its shape. The Jbl and Jb2 lines 
left-hand tail an appreciable excess of points are merged into one broad 
above the background which we attributed to line. We determined its 

the R line). : integral intensity. In order 


to determine the intensities 
of each of the components we proceeded as follows. The Jb2 line is associated 
with conversion of the 277.3 kev y-transition on the M shell of Pb298, The 
value of the K/L ratio for this transition indicates that it is Ml. In this 
energy region there are known to be two strong Ml y-transitions, namely, the 
238.6 and 300 kev transitions (ThB —» ThC). For these transitions L/M = 4.3 
and from the known intensity of the L (Jb) line found the intensity of the 
Jb2 line and then, by subtraction, the intensity of the Jbl line. Some 
sections of the conversion electron spectrum in the Hp region from 1380 to 
2600 gauss-cm are reproduced in Figs.1,2,3 & 4. 


3. Conversion electron spectrum in the high energy region 


In the first part of the work (Ref.1) we investigated the sections of the 
spectrum in the Hp range from 2600 to 10,000 gauss-cm that were known to con- 
tain conversion lines!4,15, In view of the fact that our procedure has a 
somewhat higher sensitivity in the high energy region than the photographic 
technique employed by Ellis and Surugue, we decided to carry out a search for 
conversion linesover the entire spectral range from Hp = 4000 to Hp = 9000 
gauss-cm (E = 800 to 2200 kev). We detected a number of new very weak lines 
in this energy region: Oa4, Pa2a, R, Ra and S. The sections of the spectrum 
where these lines appeared were carefully rescanned two or three times. Some 
of the lines discovered by us are shown in Figs.5,6 & 7. Their energies and 
intensities are listed in Table 2. 

We determined the nuclei to which the newly discovered lines as well as 
the hitherto unidentified (Oa, 0a3, Pa and Pa3) lines pertain. In the given 
energy region (E > 700 kev), the lines can belong only either to ThC' or to 
ThD. In order to facilitate identification, each lines was recorded twice, 


962 


*SOUTT 9804} FOZ ‘ATOATYOOdSOI “BQQN*'Q PUe EQD°D 


es 4 saats prot tide 


* LOL ¢00‘0 1100‘0 2‘ OOS) My 78 BO tO VLOLI 00ZL as 
x 169 600‘0 0200‘0 7‘ Oc9I M 8 =O C'LSh 7859 UXY 

9000 Z100‘0 9‘ZISt M 8 02 CGI 01z9 g 

010‘O 020050 G‘8LOF M visi ie) eae 7° C86 T6997 oy 

700'0 g000'0 L‘€Lot M 08 i tos 9‘ O86 YLOV Yu 

coo ‘o> 6L2V Bet ¥'TLOY €00‘0 C000 ‘0 7668 T 08 Ole =o) Cn OLS e0ey Ud 
= — = = L00‘0 ¥I00'0 L‘ZC6 M 03. a Io 9‘ GCS ATA La A 
GOO 'O> 82cV c000‘0 8°F0Cr G00*0 100'0 9‘098 W 78 OG 59, 8 *9G8 ZEGY Pd 
300'O= 6617 c000‘0 VO61y 0200 €700'0 L¥‘098 ak 78 Cia bo yy Z ‘SSL Wed 
coo‘ 0 PLOV 100'O L‘OVOY 0100 2000 ey €68 A Vas) iO Se €6 ‘008 E'szoy | Dd 
600‘O be6e €10'0 7‘V268 601 ‘0 E600 9¥ ‘O98 aX zs (a0 Qy'ZLL CL LZ68 d 
xs = ee ane eng ‘t) T00‘0 yCgy ge 08 Ay +3) G*89L CHEE vO 
coo‘O>| séEse os 6‘ SL8e ¢00‘0 100.0 € GOL 7 Z8 is 8: YLYL QESe £20 
e90‘0> ecle 100‘0 1‘ TPLe egg‘) LOOO'O y'LZL W 48 1) tad € Sad BLE G70 
cn0‘O> | ele Z00‘0 V‘OOLE LIO‘O 900 "0 19‘ LZL fi 78 Py Mea gOORL VOLE 1476) 
coo 'o €79E 2700 0629 Lg0‘U 8LOU‘() OV'G8L NM vas) jo, 62° 269 8 SE9e 20 
coo‘o> |. e198 |} 7000‘0 V‘¥6ce se ~ as as = — ae ae 7, 
coo‘o> | z9¢e 1000 + b‘99C8 €20 ‘0 8700‘) €2 ‘EOL M 28 0 fg £2' C19 8° OLCE (46) 
I oH I on arte I hg Toho] iz YUOTYTSURT, Aay 6 Asp Wo-8 ‘a | UOTIEU 
“S$ TS9q 

et re eee te. petits eqyep ano 


uotday wo-ssned Coz 07 OOSE = DH 94} UT 4yTSodaq aATYOY UMTAOYZOTpeY Fo umazOedg UuOTZOaTY_ uoTsreAUOD 


& eTqeL 


- 963 = 


: once with the usual unshielded source 
J30— | and once with the source covered with 

a film to prevent escape of the Thc" 
atoms due to Q-recoil. An increase of 
30% in the intensity of the line in the 
latter case as compared to the former 
means that the line belongs to ThC''--ThD. 


290 a a Thus it was shown that the 02 line per- 
tains to ThC''—»+ ThD, while the Oa, Pa 

Fig.7. Hp = 6130 to 6250 gauss-cm and Ra lines are from ThC —» ThC'. The 

section of the spectrum comprising identification of the other lines was 

the S line (E, = 1419.5 kev). effected with reference to the decay 
schemes. 


Physics Faculty of the 
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SPECTRUM OF CONVERSION ELECTRONS FROM Hol60 
- B.S.Dzhelepov, B.K.Preobrazhenskii, I.M.Rogachev & P.A.Tishkin 


We investigated the conversion electron spectra of the erbium and holmium 


fractions separated from tantalum bombarded with 660 Mev protons by means of 
two different spectrometers. 


ate 

The erbium fraction was investigated on a single lens spectrometer with 
a solid acceptance angle of 0.5% of 4x and a line half-width of 2%. 

The observed spectrum comprised one conversion line (44 kev) whose inten- 
sity fell off with a period of several hours, 21 lines with a period of about 
28 hours and a few weak lines with a period of about 12 days. We were not 
able to establish the origin of the 44 kev line; possibly it was associated 
with residues of Er!61 (3.6 hours). 

The conversion electron spectrum of the l-day isotope was recorded a num- 
ber of times until the activity of the source died out. One day after separa- 
tion of the source material the spectrum had the appearance shown Arie Ry piste 
The counting rate in this case at the most intense line was 41 ,000 pulses/min. 


N, pulscs/min 
4-60 <-f7 
S0000 4 ag 200 
g ,7100 
50000 | 
| - 728 
“al | 6 
20061 7 1-200 K-646 
| g | K-50 14 ' 
9 10 ) 
oe | WK? HZ K-562 og 8B K- 965 
ab | |g} 2°30 n-SNS 4 L046) “9 e A 1-$65 
. | Nf 12 15 1 86) " 
57 ; 1Y e 
o £ ey 7 eae i 
5U0 1000 1500 2000 2500 5000 5500 4400 es ae 
D. 


Fig.1. Conversion electron spectrum of Hol60 (erbium fraction). 


The decay periods of the lines listed in Table 1 lie between the limits 
of 25 and 30 hours. The closeness of these values gives reason to assume that 
all these lines belong to the same isotope. The mean period is As) em 74 hours. 
Comparison with the data in the literature! indicates that ae observed acti- 
vity is probably due to Er160 (according to the data in the literature T = 30 

ours). 

; cae & Seaborg? and Gorodinskii, Murin et al? have shown that in the 

decay of Erl60 the isotope Ho2 60 is formed in the ground (22 min) and 1s0me tie 

(5 hour) states. The energy of the isomeric transition is 60 kev (Mihelich | 

et al*). There is no evidence of decay of Fri60 to other states of Ho 

The 5-hour isotope Hol60 emits y-rays of energies 87, 194, 650, 730, 890 and 

970 kev according to Nervik & Seaborg’ or Boon an) 290, 500-510, 650, 710 and 
i to Gorodinskii, Murin et al’. 

ios A eerie these lines are attributable to the 5-hour Honey isomer is 

proved by observation of their increasing intensity in Poe er 01 Uni oe ages 

and decay with a period of 9 hours in the holmium fraction“»~”. ether 
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; Table 1 
Conversion electrons from Hol®9 (erbium fraction) 


| | 
a 4q tlect is ne ; k 
O's ele anda Identification} Intcnsity Lent 
ke 

4 615 32+1,0 K-87 = & 
2 780 o1,0+0,5 | L-60 1700-+-200 = 
3 S41 + §8,840,5 _| M-60 770+ 100 : 

4 984 tS. 64-0.5 L-87 1200-100 

a 1024 i “$5.140,5 | M-87 | 420-410 | = 
6 4108 99+ 1 — am aulA et - 
7 1176 11043 = bee. Feet = 
8 1368 | 14341 | K-197 | 100 ay 
9 1610 191,8+2 L Pevda A072 80 +-10 \ 4,25 
10 1862 246+1 | K-300 | SS ee et aay 
11 2080 295+3 | i+ M-300 | Bo2-0.67 ot fe 
12 2744 eas | K514 dass 0ks = 
13 2857 48643 K-540 | aulesoee = 
14 3256 59143 K-645 | B04 | : 
15 3434 63845 | 2a ae-645. | 1 ,440,3 | 450 
16 30614 672-45 | K-726 7,8+4 \ 
17 3752 72405 | L4+M726 | 2,640,5 ; 30 
18 4224 8265 | K-880 | $.9-46,2 i 
19 4298 875410 L + M-880 0,640.2 ee 
20 4420 909-5 K + 963 4,0+0,2 Vee 
24 4588 956-5 L + M-963 10-013 y 40 


4 


y-radiations are emitted directly in capture of electrons by the 5-hour Hol60 
or after the Hol60*—» Hol69 isomeric transition is not known. 

Inasmuch as the measurements were begun 24 hours after separation of the 
Er, it must be assumed that both the Hol60 isomers in the source were in equi- 
librium with Er!69, without further experimentation one cannot determine 
whether the lines listed in Table 1 are associated only with the 5-hour or 
with both Hol60 isomers. 

After the activity of the Er160 4 Hol60 mixture had died out, there was 
observed a weak conversion electron spectrum of an activity having a period 
of about 12 days (counting rate at the maximum about 300 pulses/min). This 
spectrum consisted of seven electron lines. Four of them can be attributed to 
y-transitions with energies of 58.3 + 0.5 and 207.4 + 1 kev. We found 
K/(L + M) = 0.53 for the 207.4 kev transition. These data indicate that the 
source contained a small amount of Tm167, The thulium fraction from proton 
bombardment tantalum was the subject of a separate investigation”. Comparing 
our Tm167 lines with the corresponding lines observed in the thulium fraction, 
we deduce that our erbium fraction contained about 4.5% Tm. In addition: there 
were present in our source Tm165 (29 hours) , tm166 (7.7 hours) , and Tm 
(85 days). Assuming that the ratios of the activities of these isotopes in 
our sample were the same as in the thulium fraction, we made the appropriate 
corrections in our results on the basis of the data of Ref.5. 

In the spectrum of the "residue" there were also discernible three weak 
electron lines with E, = 66.3 + 1, 72 + 2 and 141 + 3 kev. Their half life 
was of the order of 10 days. So far these lines have not been identified. 


1 
The holmium fraction was investigated by means of a two-lens spectrometer. 
The film over the counter window passed >2 kev electrons. The activity was 
applied in the form of a thin layer on a lightly aluminized collodion film; 
the diameter of the active spot was 5 mn. 
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Fig.2. Conversion electron spectrum of 
Hol6° in the interval from 2 to 240 kev 
(pure Hol60) , 


Table 2 


Conversion and Auger electrons from Hol60 


(pure Hol®9 source) 


Actually two samples were in- 
vestigated. In the first, in addi- 
tion to Hol60, there were present 
an admixture of Er1l60 which converted 
to the same Hol60, consequently, the 
decay curves were complicated. The 
second source was repurified: first 
the erbium fraction was separated out 
and then 25 hours later the holmium 
was separated from it. This source 
proved to be pure Hol60. the intensi- 
ty of all the lines fell off with a 
period of-5.3 + 0.2) hours. 

With this source we carried out 
four series of measurements in the 
energy range from 2 to 200 kev. The 
general appearance of the electron 
spectrum observed is shown in Fig.2. 
The detected lines with their ener- 
gies and identifications are listed 
ines lable 2. 

According to our identification, 
the 32, 79.5 and 86 kev conversion 
lines are associated with the 87 kev 
y-transition, while the 4.8, 51.5 and 
59 kev electron lines are the K, L 
and M conversion electron lines of 
the 60 kev y-transition. 

We could not observe the activi- 
ty of the short-lived isotopes Hol64 
and Hot®l inasmuch as the measure- 
ments on both samples were started 
three days after the end of irradi- 
ation of the tantalum targets. We 
did not detect the long-lived isotopes 
Hol63 and Hol®2 in the 
measurements with the 
first sample (holmium 
fraction) although one 
cannot positively assert 
that they were absent 
inasmuch as in the series 
of measurements obtained 


25-30 days after separa- 
tion of the fraction 
there were observed 
weak electron lines with 
100 energies of 5.5, 34, 39, 
50, 70,5100, 7118 1417 
153 and 205 kev; these 
have not been identified 
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GAMMA-RADIATION FROM Eul52,154 


- B.S.Dzhelepov, N.N.Zhukovskii, V.G.Nedovesov & G. E. Shchukin 


| The decay of the long-lived isotopes Eul52 and Eul54 obtained by prolonged 
irradiation of europium with thermal neutrons has been investigated by many 


authors!-44, 


The y-radiation from Eul52 and Eul54 was investigated in our 


laboratory in 1954 on the Elotron37, a y-spectrometer with improved focusing, 


utilizing recoil electrons. 


In view of the complex character of the y-spectrum 


and the particular interest presented by the Eul52 nucleus, in 1956 we carried 


out a repeat investigation of the y-spectrum of the 


Eul52,154 mixture by means 


of the Elotron operated under new improved conditions. 


OMpy 


The measurements were 


Ho* 


carried out under conditions 


close to those realized in 
the investigation of the 7- 


spectrum of Sbl24 and de- 
scribed in Ref.45. However, 
since the presence of gas 


1 


Au™ (411 kev) 


in the instrument produced 
an appreciable broadening of 


Hf % (481) 


the y-lines, particularly in 
the region below 1 Mev, the 


Oé 


Fig.1. Experimental calibration y-lines obtained 
The lines are normalized to 

the same height and shifted vertically for clari- 
Insert - energy dependence of the relative 


on the Elotron. 


ty. 


Cs” (6616) 


Sc * (890) 


sc? (1/20) 


instrument was converted to 
a separate vacuum regime: 
the instrument chamber was 
under continuous evacuation, 
while the counters were 


Bg 


line half-width. 


10 


curve for the Elotron. 


f 
Vy peak 


7 
Ey, Mev 


Fig.2. Experimental spectral sensitivity 


C0” (1331.6) 


___ | Sb? (1700) 


filled with a 60% argon pius 
40% methane mixture at a 
pressure of 10 cm Hg. This 
resulted in an appreciable 
improvement of the resolu- 
tion of the instrument; the 
transmission factor was also 
increased somewhat. Under 

the new conditions the line 
half-width in the energy re- 
gion above 1 Mev is 1.7-1.8%, whereas 
under equal operating conditions but 
with gas present in the instrument 
chamber the line half-width was 2.5- 
2.7%. An even greater improvement 

was obtained in the region of low 
energies: thus the half-width of the 
411.8 kev y-line of Aul98 was reduced 
from 6.5 to 3.3%. Conversion to the 
new improved operating regime re- 
quired new calibration of the spectro- 
meter in energy and new determinations 
of the experimental shape of the lines 
and the spectral sensitivity. The 
line shape and energy calibration 
were obtained by investigating the 
well-known single y-lines of Au 
(411.8 kev), Hfl81 (481 kev), C 
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(661.6 kev), Sc46(890 and 1120 kev), Co6° (1171.5 and 1331.6 kev) and Sbl24 
(603 and 1700 kev). These lines, normalized to arbitrary coordinates, are 
shown in Fig.1. 
The spectral sensitivity curve for the instrument, shown in Fig.2, was 
plotted on the basis of the calorimetric measurements of the activity of the 
y-emitters Eul9 » Cst37 and C060 carried out by E,A.Khol'nov in the VNIIMe 
(All-Union Scientific Research Institute of Metrology), the data on the rela- 
tive irtensities of the 344 and 1411 kev y-lines of Euy1l52 obtained on the 
Ritron by Iv.V.Khol'nov and his co-workers and the results of a special investi- 
gation of the 1580 and 2740 key cascade lines of Na24. We also show in the 
figure the two points obtained for Sc46 which is known to have two y-lines 
(890 and 1120 kev) of approximately equal intensity. The uncertainties indi- 
cated in the figure include the uncertainties of the calorimetric data as 
well as the statistical errors in recording the y-lines. 
: The experimental Y¥-spectrum ob- 
M, coinc./min tained for Eul52,15 is shown in Fig. 3. 
. The elimination of gas from the instru- 
ment chamber appreciably reduced the 
background, i.e., the number of coinci- 
dences with the target (radiator) with- 
drawn from the beam. At energies above 
1.2 Mev the background is virtually nil; 
the count amounts to less than 1 co- 


600 7 pe incidence per hour. 
Mp, Gs-cm The ¥-spectrum after subtraction 
Fig.4. Resolution of the y-spectrum of the background was resolved into 
of Eul52,154 in the Hp = 1400-2200 its individual components taking into 
gauss-cm region. Nj, - number of co- account the energy dependence of the 
incidences per minute (background line shape (Fig.1). The results of 
subtracted). such resolution for different intervals 


of the spectrum are shown in Figs.4,5, 
6 & 7. The integral curve (sum of the 


W,, coinc. /min 
é 


4000 
Ho, Gs cM 


Fig.5. Same as Fig.4 but for the Hp = 2800-4000 gauss-cm region. 
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Fig.7. Same as Fig.4 but for the Hp = 5000-6200 gauss-cm region. 


individual components indicated by the light lines) agree within the limits 
of the statistics with the experimental points. Exceptions are the two Hp 
intervals 1) 1800 to 3200 gauss-cm (Fig.3) and 2) 3600 to 4000 gauss-cm 
(Fig.5). In the first interval (hy & 350-700 kev) there presumably exist a 
number of weak y-lines?°; however, we were able to identify only three lines 
with energies 436, 583 and 681 kev. In the second interval there may also 
exist some weak 7-rays. 

The high-energy tail of the 1411 kev y-line is interesting. As may be 
seen in Fig.7 the experimental points fall above tha apparatus line, indicated 
by the dash line. It may be assumed that in this region (1.4-1.5 Mev) there 
is present a y-line, although it is impossible to evaluate its energy and 
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Table 1 
Energies and relative intensities of the y-lines of the long-lived 


Eul52 and EulS4 activity obtained by different investigators 
Ca emollient 


Dzhelepov ct al87| Nathan43 Grodzins42 Our data 
hv, kev snergy,| hv, aclative hv, Energy, eee ran at ire 
kev kev | intensity} kev | kev a intensity 

341 86 344 114 344 108 344 (13457 

40S | 10 = 

427 14 420) 4 442 | 2() 436 234-6 
193 ie 550 4 yN3B* 8 +6 
690 ‘Ne: 681+ ee) 

Ti? 14 720 h 720% 8 (E) 
Too* {0+-4 

779 A3 Tio M4, 778 36 779 614-4 
S60 17 866 D4 862 ieee 

871 25 873* 24+2 
958 to 965 67 | 963 ob 968 G14 
| 1003* 49 

1090 56 1( 8) D2 L086 O07 

1100 6 A 634-7 

1106 101 1110 48 7 

1200 22 1210 8 (eS 74+2 

1281 Af 1280 13 1240. 44 8 {280% Bosco 
4300 8+3 

1409 100 1415 100 {410 100 {411 100 


—_—_—— —- = 


*Lines belonging to fy 164 
relative intensity. The y-line energies and intensities obtained by us are 
shown in Table 1 together with the results reported by other authors. 

The difference between the intensity values in the low energy region ob- 
tained by us in the present investigation and in the earlier study37 is ex- 
plained by inaccuracies of evaluating the spectral sensitivity of the Elotron 
under the old operating conditions. ‘ 

The investigations of Grodzins?9 and Nathan & Waggoner43 were carried 
out by means of scintillation spectrometers. The latter authors evaluate 
the accuracy of their relative intensity determinations as ~30%. Our data 
are appreciably more accurate. 

Grodzins#2 work was carried out with a source enriched with EulS2, Our 
source contained a higher proportion of Eul54 and, consequently, we obtained 
583, 581, 720, 755, 873, 1003 and 1280 kev y-lines of relatively higher in- 
tensities than Grodzins. A number of recent investigations 40-43,47,48 and 
the work of Stephens44 carried out with an Eul54 source obtained by fission 
have helped clear up a number of obscurities in the decay of Eul52 and Eul ; 
it is, however, still impossible to construct the definitive decay scheme for 
these isotopes. 

Our data on the relative intensities of the y-lines taken together with 
the data of Nathan & Waggoner43 on the relative intensities of the K conver- 
sion lines make it possible to determine the multipole orders of the y-transi- 
tions. It is known that the 344 kev y-transition is associated with the de- 
excitation of the excited state of Gdl52 and is of the E2 type. According to 
Sliv & Band#® the conversion coefficient for this transition Q = 3079-10078 

The results of our multipolarity determinations are shown in Table 2. 

We desire to thank E.A.Khol'nov for the calorimetric measurements, Iu.V. 
Khol'nov for the data on the relative intensities of the 344 and 1411 kev 7- 
lines of Eul52 and V.G.Chumin and Iu.G.Kondakov for help in carrying out the 


measurements. 
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Table 2 


2 Dot eee ioe ie | Theoretical conversion 
ES Pawlet eae ate ee coefficient, 10% (Ref. 46) 
~ age ee |B eO —_— = 
ays eri g sition K—line er | 
= Y) pue \ 
5 = Ok Meee 21 E2 
#15 | eee as 
IAA | {00 (5,4) 152 A000 | {ae fa 90.9 | a | _ | - 
Al) | o') om ca | 4,4 Af R/S 8.8 l= { lay ) 
583 | 6,8 | Gd? 1:4 | 6,212.76 | 7,59 18,2 [14,2 [42,6 
681 7.4 | S53 See ee). ta OO 14 68 110,9 | 7°95 lon’ g 
799 A Gdisa | 10 | 3.9 14.58 | 4,07 |-9.33 | 7,58 1590) 
ie) oo Gd 2 4 Lod tis 54 3,89 8,70 | 7.08 | 18.2 
82 9,2 Sm! Dee | 7,6 | 1,15 | 2,76 | 6,04 4.68 144.7 
968 | ot | Sm 3,2 | 4,9 | 0,93 | 2,24 | 4,68 | 3,72 | 9,34 
1903 24 Gdies 1 a hp 0.96 | 2.34 | 4,68 | 3,80 | 9.934) 
of sited EE be up em 
1U86 A om 1,1 0,81) 0,76 | 1,78 3,727 2,08 | 7,09 
1111 } sm ae He Oe Fa hie TON [oad ged, Hey A) da a, OU) 
1232 6,2 Sm! tao 1 a OrGar ie 48] 295 | Di ee 5.37 
{280 | i) | Gd!54 | <0,3 0.32) 0,63 Waiyas | 2, /f- "09 | 5,25 
4411 | 84 | Sm* | 1,4 | 0,54] 0,49 | 1,07 2,44 | 1,55 | 3,63 
*Refs, 40-44,47 & 48. 
**Ref. 43, 
w : w . 
V.G.Khlopin" Radium Institute of the 
Academy of Sciences of the USSR 
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GAMMA-RADIATION FROM Agl10 


- B.S.Dzhelepov, N.N.Zhukovskii & Iu.G.Kondakov 


The decay of Agi 10 has been studi 
pal data regarding the decay scheme 


cd” 


eae a ae 
884 E2*MI 7b2 
: Cae ee 
(83:10 Sc} 
656 E2 
4 447 44/ Od ¢ a 4) * 0 0 i 


Fig.l. Decay scheme for Agi10 proposed by Sieg- 
bahn24 and refined on the basis of subsequent 

investigations. The multipole orders have been 
determined only on the basis of the K/L ratios. 


source was ~700 millicuries. 
preparation of the source. 


ed by many investigators.1-45 the princi- 
» available to date, are shown in Fig.l. 


In the present investi- 
gation we determined the 
relative intensities of 12 
y-lines of Agl10, This 
made it possible to check 
the intensity balance for 
different levels and to 
determine the multipole 
order of a number of trans- 
itions. 

We investigated the 
¥-radiation of Agt10 by 
means of the Elotron46,47, 
a Y-spectrometer with im- 
proved focusing utilizing 
recoil electrons. The 
measurements were carried 
out under the same condi- 
tions as the investigation 
of the BOGEN of 
Eul52,154 (see preceding 
article). The source was 
a neutron-activated silver 
strip weighing 7.9 g. At 
the beginning of measure- 
ment the activity of the 


The measurements were carried out 3 months after 


The general appearance of the observed spectrum of Agi10 is shown in Fig. 2. 


Table 1 


Relative intensities of the Agt10 y-lines 


Relative 


intensities 


Most Our ' t 
Soe Bi hig itey peach ag eee pertrd | Our 
K., values : hoto- | (photo- | (recoil scint, | 
Y ‘came SPA electr. ) electr. )| counter) data 


65641 656-42 100 100 100 
680+2 6814-10 — — = 
70542 706410 — = = 
74143 743+6 — = a 
76243 7645 — = = 
81643 8185 _ = 4) bese 
93543 93615 31 YF 
138444 | 1384+4 — 33 
1480+5 | 1481 +) 20 rE } 22 
150644 | 1508+-4 17 
as 1560410 = aa os 


= 4,3+0,2 
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Fig.2. Experimental y-spectrum of Agi1l0, Solid points - background - 


The circle points indicate the number of coincidences per minute when the 
target was in the y-ray beam; the solid dots give the background, i.e., the 
count with the target (radiator) withdrawn from the beam. After subtraction 
of the background the spectrum was resolved into components taking into ac- 
count the energy dependence of the apparatus line shape. The results of such 
resolution for different regions of the spectrum are shown in Figs.3,4 & 5. 

In the figures the light lines indicate the components; the heavy lines the 
integral curve, i.e., the sum of the components. The indicated energy values 
are in kev according to our calibration. As noted above 12 y-lines were ob- 
served in the spectrum. The 1560 kev line has been detected for the first 
time in this investigation, but we cannot prove that it belongs to Agll0 inas- 
much as no radiochemical analysis of the source was performed. Careful in- 
vestigation of the hard part of the y-spectrum three months after the first 
measurements showed, however, that the intensity of this line fell off with a 
period of 270 days. The other y-lines have been observed earlier. Our re- 
sults, together with the results of other authors, are listed in Table 1. The 
uncertainty in our evaluation of the relative intensities is determined by 
the uncertainty in plotting the spectral sensitivity curve (~5%) , the statisti- 
cal errors of measurement and the inaccuracies in resolving the spectrum into 
components. 

A check of the y-ray intensity balances for the excited levels of cal10 
substantiates the decay scheme proposed by Siegbahn24 for the most intense 
y-lines. The 1560 kev y-line discovered by us can be attributed to a y-trans- 
ition between the 2220 and 656 kev levels. ' 

The sum of the energies of the equal intensity 741 and 1480 kev y-rays is 
close to the excitation energy of the 2220 kev level of Cal19, If these two 
y-rays are in cascade, the corresponding transitions can be logically inserted 
into the decay scheme between the 2220 kev excited level and the ground level 
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Fig.3. Resolution of the y-spectrum of Agil0O in the 


Hp = 2700 to 3500 gauss-cm interval. Ny 


coincidences (background subtracted). 
N, 
20 


- number of 


of call0 | postulating 
the existence of an ex- 
cited 1480 kev level 

in call0, inasmuch as 
the existence of a 741 
kev level would be in 
conflict with the regu- 
larities characterizing 
the distribution of 
levels in even-odd 
nuclei predicted by 

the unified nuclear 
model. 

Utilizing our rela- 
tive intensity values 
for the y-transitions 
and the values of the 
relative intensities 
of the corresponding 
K conversion lines 
given in Ref.3l, one 
can determine the multi- 
pole order of the trans- 
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Fig.4. Same as Fig.3 but for the Hp = 3400 to 4200 gauss-cm region. 
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Fig.5. Same as Fig.3 but for the Hp = 


6400 
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5200 to 6400 gauss-cm region. 


is 2.76-10-3, 
Assuming that 
Orders of the 


The relative intensities of the weaker ccnversion 
with sufficient accuracy31 


pure E2, we determined the probable 


multipole 
different transitions. The results 


are listed in Table 2, 


Table 2 
Probable type of Y-transitions 


Rela- lative Experi Theoretical values of 
Y-transi- {tive < conver— {mental aod 4* 103 Probable 
tion Y-line ion line ersion c multipole 
energy lintens— lintcnsity efficient order 
ity (Ref. 31 ye ® 103 Ei E2 M1 
! 
656 100 100 
2°76 1,00 Payie 3,02 B2 
680 13 Ss eg O93 A 2,76 ? 
700 18 16 2,40 0,870 Boe 2,04 MIA 
741 6 3 1,38 0,776 2, 09 coh) (£22) 
TU2 23 | 16 1 92 0,740 {,90 Brille | PA 
S16 9 3,7 4,13 0,630 1,67 1,82 (£2) 
S84 75 32 1,48 0, 537 1,38 1,55 12 
935 32 13 1,10) 0,479 AE) thea i2 
{384 28 fii 0,654 0,234 0,525 0), 537 2, M14 
1480 6 | 0,8 (0,367 0,209 0,457 0,490 (152) 
1506 15 Oa 0,460 0,199 0,436 0,478 2, M1 


pole orders of the corresponding y-transitions. 
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POSITRONS IN THE RADIATION FROM RADIOACTIVE In114 
~ B.S.Dzhelepov, O.E.Kraft & V.B. Zhinkina 


Introduction 


Radioactive In114 is one of the isotopes in which competing Bt and 67 
decay is possible. This isotope lies between the two stable isobars cd} }4 
and Snzo differing by two units as regards charge. 

Investigation of cases of B+*—B™ decay is of great interest from the 
point of viewing of establishing the factors that may influence the degree of 
forbiddenness in 8-transitions. The point is that in all cases of B+—p- 
decay the end isobars are nuclei with even A and Z in which the ground state 
must have spin O and an even wave function. Regardless of the spin and parity 
of the intermediate nucleus, the changes in these characteristics in the Bt 
and B” decays must be the same. If the probability of transition depends only 
on the change in spin and parity, as was assumed to be the case until recently, 
the B+ and 8~-transitions belong in the same category, i.e., must have equal 
values of the product ft. Actually the values of ft proved to be close but 
not identicall. 

In a contribution published in 1956, Bohr & Mottelson? showed that de- 
formation of the nucleus may affect the probability of B-decay. 

In a recent publication, Peker and one of the present authors! made an 
attempt to relate the inequality of ft for the two decay branches with differ- 
ent degrees of change in nuclear deformation. Analyzing the dependence of 
the deformation parameter and the number of nucleons in the filling shell, 
the authors come to the conclusion that deformation in the case of a transi- 
tion approaching the nucleus to a state with a closed shell changes less than 
in a transition taking the nucleus further from the closed shell state. A 
lower transition probability and, consequently, a higher value of ft corres- 
ponds to greater changes in the shape of the nucleus. Hence in the case of 
competing B+ and 8 decays the magnitude of ft must be greater for the trans- 
ition which takes the nucleus further from the state with the closed shell. 
Analysis of the experimental data carried out by the authorst largely sub- 
stantiates the deduction. 

The isotope In}? is of interest precisely because in its electron decay 
there is obtained a nucleus with a closed proton shell: Suey Hitherto the 
competing Bt—p7~ decay in In114 has not been adequately studied; investigation 
of this decay was the purpose of the present work. 


Survey of the data on the decay of In1ll4 


Radioactive Inl14 has two isomers with periods of 50 days and 72 sec. The 
50-day isomer converts to the ground state of Inl14 emitting either a TPES: 
y-ray or a conversion electron. The value of Ne/ (Ne + N,) for this transi- 
tion according to measurements of Boehm & Preiswerk (Ref.3) is 0.80 + 0.05. 

From its ground state In!14 transforms by electron decay with a period 
of 72 sec to the ground state of Sn3}4. Measurements of the electron spectrum 
of In114 led Lawson & Cork and Boehm & Preiswerk? to the conclusion that the 
B-spectrum is a simple one and belongs in the category of allowed spectra. The 
end-point SASTEY of the B-spectrum has been determined with greatest accuracy 
by Johns et al” who give 1.984 + 0.004 Mev. 

In 1956 Johns and his co-workers® found that the 1300 kev y-line, dis- 
covered earlier by Maienschein & Meem’ and having a relative intensity of 
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oel0E- photons per decay, yields B-y coincidences with the continuous p7 
spectrum with an end-point energy 710 + 50 kev and not with the 556 kev con- 
version line associated with the K Capture branch as was earlier assumed. 

; This result was substantiated by Grodzins & Motz8, who also detected co- 
incidences between the 1300 kev Y-line and the electron spectrum whose end- 
point energy they determined as 675 + 40 kev. The intensity of the 1300 kev 
y-line according to these authors is (9 + 1)-1074 photons per decay. Thus it 
would appear that the B--spectrum of Inll4 ji, complicated and consists of two 
components: a hard one of 1.984 Mev end-point energy and a soft with an end- 
point energy of about 0.7 Mev, leading to an excited level of Snil4, 

In addition to the electron decay branch, Inl14 aiso has an electron 
capture branch. It has been established by a number of authors®8-10 that K 
capture occurs both in the isomeric state of Inl]4 and in the ground state. 
The K capture in the isomeric state, which accounts for 3.5% of the decays, 
goes to an excited level of Cqll4 and is accompanied by cascade y-rays with 
energies of 0.722 and 0.556 Mev. Electron capture by the ground state of In114 
occurs in 1.9% of the decays and leads directly to the ground level of cq114. 

In 1949 Boehm & Preiswerk?, investigating the disintegration of In114 py 
means of a trochoidal analyzer in conjunction with photographic recording, 
detected a small number of positrons. According to these authors the end- 
point energy of the positrons is 650 + 100 kev; the number of positrons per 
disintegration ~1-1074. These authors inferred that the positron decay goes 
to the second excited level of call4. 

Subsequently, the positron branch in the decay of In114 was observed by 
Johns and his co-workers®,11, These authors recorded the positron annihila- 
tion radiation by means of anthracene counters connected in coincidence. In- 
asmuch as In114 aigo emits cascade y-rays, the authors were forced to measure 
the coincidences due to the annihilation photons in the presence of a rather 
strong background. A value of (4 + 1)-10-5 ig given for the number of posi- 
trons per decay in Ref.1l. In addition to evaluating the intensity, Johns 
and his co-workers attempted to determine the endpoint energy of the positrons. 
For this purpose they used a source of indium foil surrounded by an absorber 
(aluminum). From the variation of the coincidence rate for annihilation 
photons with the absorber thickness the authors concluded that the end-point 
energy of the positron spectrum lies between 1 and 1.4 Mev. This result is 
in conflict with the data of Boehm & Preiswerk? who give an end-point energy 
value 650 + 100 kev. Inasmuch as the energy difference between the ground 
states of In114 and ca114, as determined from the threshold of the Cd1l4 
(p,n) Inl14 reaction by McGinnisl2 is 2.07 + 0.2 Mev, Johns et al concluded 
that the positron decay goes to the ground level of Cdal14; (1.2 + 0.2) + 1.022 
~ 2.2 + 0.2 Mev. 

At the time we began our investigation of the competing Bt—B~ decay of 
Inl114, there were no other published data on the positron spectrum of In!14, 
It will be evident from what has been said above that whereas the fact of the 
existence of positrons had been firmly established there was serious disagree- 
ment regarding the end-point energy and intensity of the positron spectrum. 
Moreover, there was no information at all regarding the shape of the positron 
spectrum. By the time of the writing of this report, however, there appeared 
the contribution of Grodzins & Motz®; the results of these authors regarding 
the positron spectrum of In114 agree with our results although they were 
obtained by an entirely different procedure. 
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Experimental part 


We investigated the B-spectrum of In114 by means of the magnetic B- 
spectrometer with triple focusing of the beam, described by Dzhelepov & Kraftl3, 
The source was an indium foil having a superficial density of 9 mg/cm? irradi- 
ated by slow neutrons. The B-particles, emerging from the source at an angle 
to the plane of the magnet pole pieces, moved along helical trajectories and 
passed successively through two GM counters, located one above the other and 
connected in coincidence. The thickness of the films over the counter windows 
was 0.5 mg/cm2; the vacuum in the instrument was 5-107-2 mm Hg. 

The experimental spectrum of positrons from Inll4 is shown in Pie. lero 
measure the background the direct B-particle 
N,'coine. /min . beam was cut off by a special shutter inserted 
under the source. 

The "processed" positron spectrum is 
shown in Fig.2. Here we have taken into ac- 
count the coincidence background, introduced 
suitable corrections for absorption in the 
source and the counter windows and replotted 
the spectrum to equal energy intervals. As 


“I ; 700 2500 may be seen from Fig.2 the end-point energy 
ree of the positron spectrum is ~400 kev. 
Fig.l. Experimental In!14 As was indicated in Ref.13, our instru- 
positron spectrum. Dash ment distorts the particle spectra in the re- 


line - coincidence background. gion of low energy. In order to obtain the 
true shape of the spectrum,it is neces- - 
sary to introduce special corrections 
which differ for different sources. 

In the case of In114 the introduction 
of corrections for the positron spec- 
trum is particularly important inasmuch 
as the entire spectrum lies in the 
energy region where the instrument dis- 
tortion is particularly great. In 
order to determine the requisite cor- 
rection we measured the 6B” -spectrum 

of In114 under exactly the same condi- 
Fig.2. Processed In!14 positron spec- tions as employed for studying the 
trum. The solid line indicates the positron spectrun. 


x 1. ane 
a (0a 200 300 4U9 E, keV 


6+-spectrum prior to correction for The 8~-spectrum in processed form 


distortion in the instrument; dash iss shown in’ Fig 7s. ~The hee EES 
line represents the corrected spectrum. plot of the B”-spectrum of In is 
given in Fig.4. At energies above 

800 kev all the points fit a straight line giving an end-point energy of 

~ 1.960 Mev. Below 800 Mev there is some deviation, at first upward and then 
low the Fermi plot. ae 

a Lh ABs es re dere the B -spectrum of Inl14 is not simple: in addition ree 

the spectrum with end-point energy 1.984 Mev, there are present eresney ae wi 

an end-point energy of about 0.7 Mev and characterized by an intensity o ‘ 

about 9:1074 electrons per decay. The presence of so soft a entation 

produce a significant deviation from the Fermi shape me AS SDeCe cum Sie pe 

investigations of Boehm & Preiswerk3 and Lawson & Cork*#, in which see ate 

for studying the spectrum were more favorable, the points fell ie aS epee 

line Fermi plot down to 300 kev. Hence it may be assumed that the dev 
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f 200 500 7200 1600 2090 


F, kev 
Fig.3. 8B -spectrum of Inl14 in proces- 
sed form. The solid line in the energy 
region below 200 kev represents extra- 
polation of the spectrum to zero ener- 
gy; the dash line gives the Fermi shape 
of the spectrum. 


Neruc 


0 200 400 600 600 1006 
E, kev 
Fig.5. Energy dependence of the ratio 
Nt rue/N exp’ 


U0 


0 “00 800 1200 1600 2000 
E, kev 
Fig.4. Fermi plot for the electron 


spectrum of In114, 


observed by us are connected with 
the instrument and the source 
and can therefore serve for 
determining the corrections. The 
energy dependence of the correc~ 
tion, i.e., the ratio Ntrue/Nexp 
obtained from a comparison of 
the two curves in Fig.3 is shown 
in Fig.5. The corrections deter- 
mined in this manner were used 

to establish the true shape of 
the positron spectrum, although 
strictly speaking the corrections 
may be somewhat different for 


spectra of different shapes and end-point energies. 
We note that the corrections introduced by us in the energy region below 


200 kev might be questioned. 
spectrum under the 0.192 Mev 
of our corrections, We 
line of In!14. 
is shown in Fig.6 by the solid line II. 


Further, we determined the 
tion of conversion electrons in the decay 


agreement 
100 kev are reasonably accurate. 


Admittedly, the extrapolation of the electron 
line is somewhat arbitrary. 
introduced them into the ordinates of the conversion 
The conversion line of In114 obtained through such processing 
The dash line in Fig.6 shows the 
continuous spectrum in this energy region. 
ratio of the area under the total conversion 
line to the area under the electron spectrum (98% of the decays). 
of Inl14* 
cording to data of Boehm & Ppreiswerk this value is 0.80 + 0.05. 
indicates that the corrections introduced by us 


To test the validity 


The frac- 
proved to be! 0.75. AC= 
The good 
in the region to 


The positron spectrum obtained after introduction of the above mentioned 


corrections is shown in 
this line to the area under 
number of positrons per decay of In 
begin at 90 kev 
spectra have to 


114, 


Fig.2 by the dash line. 
the electron spectrum (I in Fig.3) gives us the 
Inasmuch as the experimental points 
in the pt-spectrum and with 200 kev in the 6 -spectrum, the 
be extrapolated into the low energy region. 


The ratio of the areas under 


Since the Kurie 


j “<a 
a 
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plots (Figs.4 & 7) proved to be sufficiently 
rectilinear, the extrapolation into the low 
energy region was made on the basis of the 
Fermi shape. 

The ratio of the areas proved to be 
(3.9 + 1.5)-107%. This result is in good 
agreement with the data of Johns et alll - 

(4 + 1)-10-5 - as well as with the results 
obtained by Grodzins & Motz’. The latter 
authors used the scintillation procedure for 
investigating the positrons from In114, They 
obtained a value of (3.5 + 1.0)-10-5 for the 
number of positrons per decay. 

The end-point energy of our electron spec- 
trum is 1.96 + 0.05 Mev, which is in good 
agreement with the data of other authors4;,9. 
The end-point energy of the positrons, as may 
be seen from the Fermi plot, is 395 + 20 kev. 
This value differs markedly from the data of 
Johns et al (1-1.4 Mev) and of Boehm & Preis- 


400 


Fig.6. Conversion line of werk (650 + 100 kev), but is in good agreement 
0.192 Mev energy: I - con- with the positron end-point energy obtained by 
version line without correc- Grodzins & Motz® by means of a three-crystal 
tions, II - corrected con- technique (400 + 25 kev). 
version line. Dash line - We now have the question of whether this 
continuous spectrum. Bt-transition goes to the ground state or an 
excited level of ca114. 
pete Our measurements in the >400 
FE(E?-1)4 kev energy region showed that the 
200; positron spectrum has no harder com- 
a _ ponent; or in any case the upper 


bound for its intensity is less 
than 3% relative to the soft compo- 
nent. 

This leads us to conclude that 
the mass difference In114-cqi14 
is 1.022 + 0.395 = 1.417 + 0.20 Mev. 


0 77 aT 70 i We Sede he that this value is more 
E, kev reliable than that determined from 
Fig.7. Fermi plot for the positron nuclear reactions (zweifer14 - 
spectrum of Inl14, 2.07 + 0.20 Mev). 


Using our data and the tables 
of Dzhelepov & Kudriavtseval$, we determined the value of log ft for the 
positron spectrum. It proved to be 4.63 + 0.24, i.e., close to the value of 
log ft for the electrons. Although the difference lies within the limits of 
the experimental error, the determined value of log ft for the positron spec- 
trum is somewhat greater than for the electron spectrum, which is in agree- 
ment with the predictions of Ref.1l. 

The question of the probability of K capture in the ground state of In114 
is also of interest. Experimental determinationsl8,10 of the number of Cd 
K x-ray quanta indicate that K capture occurs in 1.9% of the disintegrations 
of Inli4. This figure includes capture transitions both the the ground level 
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of Cd114 and to the excited 556 and 

in 1278 kev levels; the transition proba- 
S0day bility to the excited levels, however, 
is much lower than to the ground level, 
first owing to the lower (2.7 times 
for the 556 kev level) decay energy 
and, second because the reduced proba- 
bility (log ft) is always several 
times smaller for transitions to ex- 
cited levels. If we assume that the 
1.9% figure pertains wholly to capture 
G09 % to the ground level, then for this 

transition log ft = 4.2, which is con- 

sistent for an allowed transition. 
0° The experimental value of the ratio 
"6 K/p+ = 490. In his analysis of capture 
= probabilities, zweifel1!4 calculated 
Fig. 8. Decay scheme for In!14, the theoretical values of the ratio 

of the probabilities of K capture and 

positron decay Wy/Wt for allowed transitions. For Z% = 49 and a positron end- 
point energy of 395 kev, the theoretical ratio is 120. The reasons for this 
great divergence are not clear. 

Our refined scheme for the decay of In114 is shown in Fig.8. The configura- 
tions indicated at the levels have been assigned on the basis of the following 
facts and considerations. 

1. The ground states of Cd!14-and sn114 are assumed to be 0+ as in all 
even-even nuclei. 

2. Direct measurements have shown that the spin of 50-day In1l14 is 5 
(Goodman & Wexlerl5). 

3. From the Coulomb excitation experiments of Temmer & Heydenburg!® it 
follows that the configuration of the 556 kev state of cd114 is 2+. 

4. From analysis of the directional and polarization correlation of the 
722 and 556 kev y-rays, it follows?2»17+18 that the 1278 kev state of call4 is 
4+; this is substantiated by the existence of allowed K capture from 50-day 
Inl14, Given the above determined mass difference for Inl14-cq114, we obtain 
for the transition from 50-day Inl14 to the 1278 kev level of Cdll4 log ft = 
= 7.4. Despite the large value of ft, this is still an allowed decay inasmuch 
as in all other cases allowed B-decay to high-lying excited levels is associ- 
ated with a high value of ft .19 

5. From the last fact it follows that the parity of 50-day Inl14 is even 
(5+) . 20 Since the principal B~-decay of In114 is allowed (log fT = 4.48), it 
follows that the assignment for 72-sec Inl14 must be either 0+ of 1+. Of the 
two alternatives, we must select the second, inasmuch as 0+ would require a 
very high order of multipolarity for the transition from 50-day to 72 sec 
ee atcan from the experimental value of the K/L ratio3,24, from the 
conversion on the Ly, Lyyz and Lyyy shells!? and from the lifetime of the iso- 
mer it is evident that this transition is of the E4 type. 

6. Inasmuch as the B~-decay of 72-sec In114 to the 1300 kev level of 
gnl14 is allowed (log ft = 5.7), the spin of this level must be either 1+ 
or 2+. Again the second alternative must be given preference inasmuch as 
in even-even nuclei no even levels with odd spin are observed“. 

The authors desire to thank L.K.Peker for valuable discussion of the 


decay scheme. 


70 


log TF=448 


"a A.Zhdanov" Leningrad State University 
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GAMMA-SPECTRUM OF In114* 
- I.B.Golovanov, B.S.Dzhelepov, L.S.Lebedev, V.P.Prikhodtseva & Iu.V.Khol 'nov 


In the present investigation the relative intensities of the y-rays from 
49-day In114* were determined by means of the Ritron! under new experimental 
conditions2. The distribution of recoil electrons in Hp (background subtracted) 
is shown in the accompanying figure. Four peaks corresponding to the 191, 

556, 772 and 1300 kev y-rays from Inl14* are clearly discernible. For deter- 
mining the relative numbers of photons of different energies from the areas 


under the peaks one must take into account the spectral sensitivity of the 
instrument! ;2. 


~ 6000 
Hp, Gs cm 


Distribution in Hp of recoil electrons ejected from target by Inl14#* 


a 7000 2000 3000 4000 ~ 5000 


It must be noted that this investigation was the first in which the 
"soft" y-line - 119 kev - was studied on the Ritron. We had no points for 
the spectral sensitivity curve in this energy region. We utilized the In 
sample in order to obtain such a point. 

It is evident from the decay scheme for In114* that the principal disinte- 
gration chain (96%) is Tylite ee Ty tt ee St, ine the proces® hard (~~ 2000 
kev) B--particles are emitted. We utilized this circumstance and determined 
the activity of the source on a calorimeter. 

Knowing the activity of the source and the conversion coefficient for the 
191 kev transition, we could readily determine the number of photons of this 
energy emitted by the sample per unit time (the activity of the sample was 
1.1 curie). Having determined the ratio of this number to the area under the 
line obtained by means of the Ritron, we were able to plot another point for 
the sensitivity curve? at 191 kev energy (Sy = 0.084). The uncertainty here 
is of the order of 10%, the principal contribution to it being the uncertainty 
in the value of the conversion coefficient for the isomeric transition. : 

The spectrum was resolved using ere ai lines. The results 0 

i hown in the accompanying tabie. 
oe eacre eC hant from the table that the ratio of the Ant ers ene : 
the 556 and 722 kev y-lines is close to unity. From this it may be ore ee 
that not infrequently the decay by orbital electron capture occurs no ° 


ee ae ee ES ES 


Energies and intensities 
of the y-rays from In114* 


> Felative | * 
“oy kev : : 1 oO 
intensity | P 

| O 


722 | 4,00 | 0,042 
1300 0.939 / 0.0017 
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first excited level bu to the second level or 
the ground state of Ctll4,. We calculated the 
numbers of quanta per decay for all the y- 
transitions from the known conversion coeffici- 
ents for the 191 and 722 kev transitions and 
our relative intensity values. These results 
are listed in the table. 

After subtraction of the standard lines 
there remains in the region between the 190 
and 556 kev y-lines a certain excess of recoil 
electrons associated with the continuous y- 
ray spectrum. A rough evaluation shows that 
this excess can, apparently, be attributed to 


bremsstrahlung produced by the hard B-particles. 


We desire to thank E.A.Khol'nov for the calorimetric measurements of the 
activity of the Inl14 sample. 


"V.G.Khlopin" Radium Institute of the 
Academy of Sciences of the USSR 
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REFINEMENT OF THE RELATIVE INTENSITIES OF THE LINES IN THE 
GAMMA-SPECTRUM OF Tal82 
- O.]1.Sumbaev 


The relative intensities of the lines in the y-radiation spectrum of 
Tal82 were first measured on a curved crystal diffraction spectrometer by the 
DuMond group! »2 and later by the writer? by means of a similar spectrometer 
at the Leningrad Institute of Metrology. As may be seen from Table 1 the re- 
sults obtained in these investigations differ appreciably. The presence of 
a large number of closely spaced low-energy lines makes it impossible to in- 
vestigate the y-spectrum of Tal82 by observing recoil electrons. On the 
other hand, the presence of intense high-energy lines greatly hampers photo- 
electron measurements by giving rise to the strong Compton electron background 
in the soft region” Thus the crystal diffraction spectrometer procedure is 


the only one ttt ee ee to measurement of the relative line intensities in the 


spectrum of Ta 
Table 1 


Relative intensities of a number of y-lines in the TalS2 spectrum 


Relative intensities 


ee theoretical experimental 
(Ref. 2) Ref.2 spectral scns. spectral sens— 
Parva? (etea) iee oe e 
452,41 12,5 35 43,9 18,2 
156,37 4,0 1425 O68 Uae 
479,36 5,4 16 6,9 tb Uf 
198,31 2,6 Teo 3,4 4,9 
222,05 12,8 35 18,6 21,4 
229-27 6,8 20 Fes 958 
264,09 thea! 22 32 OA 
Epa? 400 100 100 400 
4455 — 6,5 9,0 U1 
1189 44,6 45 59,9 56,8 
Lom } 95 145 156 161 


The spectral sensitivity curves in the investigations of the DuMond 
group and our early study were calculated theoretically taking into account 
the wavelength dependence of the following factors: 1) self-absorption in the 
source, 2) the coefficient of reflection of y-radiation from the curved quartz 
crystal (reflection from the 1340 plane) and 3) the efficiency of the scintil- 
lation counter used as the detector for the diffracted radiation. The most 
significant proved to be the variation with wavelength of the coefficient of 
reflection. Measurements made by West, Lind & DuMond® showed that this depend- 
ence is close to the quadratic, i.e., (2A™, where 1 is somewhat smaller than 
2. 

Our measurements?» 4 substantiated the nearly quadratic character of the 
dependence and led to the relationship 


Tr ani -85 + 0.04, (1) 


where +0.04 is the root mean square error obtained in processing the results 


of measurement by the method of least squares. 
The error in theoretical calculation of the spectral sensitivity curve 


proves to be appreciable: 20-30%. It is due primarily to the uncertainty as 
regards the exponent in a 
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Fig.l. Right and left 412 kev 
mirror lines of Aul98, 
Abscissae - readings on 
instrument scale. 
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Hence in order to insure more reliable 
results we felt it would be desirable to check 
the calculated spectral sensitivity curve by 
a more direct procedure. The activity of Aul98 
and Co sources of standard size (30 x 50 x 
x 0.1 mm) was measured on a y-calorimeter’. 

We then calculated the number of 412, 1170) and 
1330 kev y-rays emitted by the sources per 
unit time on the basis of the well-known decay 
schemes for these isotopes. Next we measured 
the areas under the spectral lines obtained 
for these sources on the crystal diffraction 
spectrometer (Figs.1 & 2). The ratio of these 
quantities obviously gives the value of the 
transmission factor of the instrument at 412, 
1170 and 1330 kev.* The theoretical and ex- 
perimental values are compared in Table 2. 

In view of the higher accuracy (we evalu- 
ate the maximum error in our experimental 
values as 8-10%) and the greater reliability 
of the experimental points, 
the calculated spectral sensi- 
tivity curve was shifted so 
as to obtain the best agree- 
ment with experiment. 


11/70 keV 


The relative line intensi- 
ties in the y-spectrum of Tal82 
recalculated with reference to 
experimentally corrected spec- 


tral sensitivity curve are 
listed in Table 1. 
In Table 3 we give the 


Fig.2. Spectral lines of CoS0, 
readings on instrument scale. 


relative intensities of a 
number of y-lines in the spec= 
trum of Irl92, also recalcu- 
lated with reference to the 
corrected spectral sensitivity 


Abscissae - 


Table 2 


*The transmission factor as defined 


here obviously has the dimension of a 
division on the scale of the spectro- 
meter (in our case a millimeter). 


Theoretical and experimental trans- 
mission factors of the spectrometer 
Inas- 


much as the line shape virtually does not > Een arn. 
vary with the energy and the ratio of the * [Ftheo»™ fexp, 2mm ae phi 
number of counts at the maximum to the 2 p 
area under the line remains approximately 

constant (in our case this ratio was about 412 4,13+10-10) 3,90-10-% a 

5 mm-1), one can readily compute the ols eeap aula’ sate 


transmission factor (detecting efficiency) 
the ratio of the 


as usually defined, i.e., 


number of counts at the line maximum to , 
the total number of y-quanta of given energy 


emitted by the source. 


ii 
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Table 3 
Relative intensities of a number of lines in the y-spectrum of Ir192 


Relative intensities 


KE, kev 

(Ref, 11) Our data 
205,75 | 0,27 0,25 0,23 0,32 
295,94 |3,0 1,88 | 2,12 | 9.32 
308,45 13,4 } 13,8] > 9 o9 2°02 | 9,45|2,06 } 10,1] 2,38 11,1 
316.46 |7,7 aes 5.55 | 590 J 6,38 
467,98 |4,4 4,58  |4,10 3.78 3,92 
484,75 | — ise 0,37 0123 0,36 
588.4 |0,33 \ = 0,47 | 0,42 0,44 | 
604°5 14,0 44,74] } 1,74 0°72  4,74(0,82 } 1,74|0,76 | 4,74 
612.9 |o.A1 | ig ine? 0°55 | 0,50 0.57 J 


curve. The satisfactory agreement of these data with the data obtained from 
conversion electrons through the conversion coefficients®, from recoil elec- 
trons? and photoelectron measurementsl9,11 serves as further confirmation of 
the correctness of the experimentally adjusted spectral sensitivity curve. 


The writer desires to express his indebtedness to E.A.Khol'nov who carried 
out the measurements on the y-calorimeter. 


"Dy. I.Mendeleev" All-Union Scientific Research Institute of Metrology 
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INVESTIGATION OF THE GAMMA-SPECTRUM OF RaC 
- B.S.Dzhelepov & S.A. Shestopalova 


Introduction 


oe earcr sie vespousitis sor cinost toes 
- ponsible for almost the en- 
tire high-energy part of the 7-spectrum of radium in equilibrium with its de- 
cay products. Radium is the principal radioactive substance utilized in metro- 
logy as a standard; for this reason it has drawn the consistent attention of 
investigators. 
The spectrum of RaC is so complicated that every advance in experimental 
technique has revealed new details. At present more than 35 lines are known. 
The y-ray energies are determined with the highest accuracy from the conversion 
, electron spectrum. The relative intensities of the rays are best determined 
by observation of recoil electrons. Such investigations under satisfactory 
conditions have been performed twice. In 1940 Latyshev and his co-workers 
investigated the spectrum of RaC by means of a magnetic spectrometer with a 
resolution >10% in the 1 Mev region. In 1954 Mladjenovic & Hedgran® studied 
the spectrum by means of a magnetic spectrometer with a resolution of ~3.5% in 
the 1 Mev region. 
By means of the Elotron® we were able to carry out an investigation of 


the y-spectrum of RaC with an even better (approximately one and a half times) 
resolution. 


1. Shape and size of the source 


The source was 4 grams of radium in the form of RaBrg enclosed in 24 
glass ampoules 4-5 mm in diameter and 40 mm in length. The ampoules were 
loaded into 4 containers of copper foil 50 up thick: six ampoules, three in 4 
row, in each container. The containers were stacked one behind the other. 
They were mounted with respect to the collimator as shown schematically in 
Fig.l. The RaBro did not completely fill the ampoules. The ampoules were 
angled so that direct rays (parallel to 
the axis) from any point of the source 


collimator = 
could impinge on the target. The empty 


GF ends of the ampoules were therefore in 
<5 cs ee an unfavorable position, but by a speci- 
7 ae eee al experiment it was established that 
f Z the y-radiation from the active radon 
alanis deposit on the inside walls of an am- 
poule amounted to less than 1.5% of the 
Fig.l. Arrangement of the source total y-radiation of the given ampoule. 
relative to the entrance opening With the described arrangement of the 
of the collimator. ampoules the effective length of the 


source was 13.5 cm. The closest end of 
the source was 3 cm from the edge of the collimator. An aluminun plate 2 mm 
thick was mounted between the source and the collimator. 


«The results of measurement and preliminary calculation of the relative 
intensities were reported at the Fifth All-Union Conference on Nuclear Spectro- 


scopy. 
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2. Analysis of the sample for RaTh content 


As is known, many radium preparations contain mesothorium and radiothoriun. 
The presence of these impurities would distort the y-spectrum. Although ac- 
cording to the accompanying certificate our sample was free of these impurities, 
we felt it desirable to double check for the absence of radiothorium. This 
check was carried out by the photoneutron procedure and directly on the Elotron 
by observing the high energy part of the y-spectrum. In the first procedure, 
the photoneutron source was one of the ampoules and heavy water; the detector 
was a uranium chamber. 

Photoneutrons are produced by y-rays of energies exceeding 2.23 Mev, the 
threshold of the deuterium photodisintegration reaction. In the case of radium 
this is principally the weak 2450 kev: y-ray of RaC (0.02 photons per decay) ; 
in the case of radiothorium (in equilibrium with the decay product) this is the 
strong 2416 kev y-ray of ThC" (0.35 photons per disintegration of RaTh). This 
allows of detecting even small amounts of radiothorium in radium. The set-up 
was calibrated with reference to a radium source known to be pure. The rela- 
tive probability of photoneutron production by the y-rays from Ra and RaTh was 
taken from Ref.7. The results of measurement indicated that the amount of im- 
purities present in the investigated sample was less than 1% (y-equivalent ba- 
sis). 

In the case of the second procedure we investigated the energy region 
wherein the most intense 2614 kev y-line of ThC"' is located by means of the 
Elotron, using the above described ampoule array as the source. The counting 
rate at the position of the peak of this line was <0.06 pulses/min. It may 
therefore be concluded that our radium sample contained less than 0.2% radio- 
thorium impurity (on the basis of the number of disintegrations). 


3. Experimental curve 
The experimental curve we obtained for the y-spectrum of RaC is shown in 


Fig.2 (solid dot) . The abscissae are the values of the energy Ey calculated 
according to the formulas 


Ey, = 5 moc? (Eg + VE% + 2E,), and Ey = V ea 2) (Ho)? — 4, 
where H is the measured field and po is the radius of curvature of the circu- 
lar electron trajectory in the instrument. The abscissae are coincidence 
counting rates in arbitrary units. The circle points give the background, 
i.e., counting rate with the target out of the beam. The average measuring 
time for the background points was 1.5 hours; that for the spectrum points was 
4 hours each. 


4. Background 


The background in our instrument is made of the following components: 1) 
chance discharge coincidences in both counters, 2) Compton electrons ejected 
by the y-rays from the gas (helium and methane) in the vicinity of the target, 
3) stray electrons from the electron gas formed as the result of multiple 
scattering of the y-rays and electrons in the space before the first slit, and 
4) coincidences due to cosmic particles. 

The counting rate due to chance coincidences can be calculated from the 
counter load and the resolution of the amplifiers; it depends little on the 
magnetic field intensity and amounts to~0.8 pulses/min. The cosmic ray back- 
ground by virtue of the great separation between the counters is very low, 
namely,~1 pulse/hour. 
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Fig.2. Experimental y-spectrum of RaC: a - coincidences with the tar- 
get in the beam; b - coincidences with the target out of the beam 
(background). 


The second component of the background (Compton electrons ejected from 
the gas) was clearly observed in the Ritron?. The background repeated to a 
greatly reduced scale the main line: background count rose noticeably under 
or somewhat to the left of the peaks of the y-lines. In our instrument we 
cannot reliably separate this component of the background: there are some 
indications of maxima under the 609, 1764 and 2204 kev lines but they lie 
almost within the limits of the statistics. Hence we attribute the observed 
background to the other factors and assume that it varies as a smooth function 
OL H- 

In the energy range from 500 to 1400-1500 kev the background slowly de- 
creases, remaining equal to about two coincidence per min. In the region 
from 1500 to 1900 kev the background falls off by a factor of almost 1.5 and 
then decreases more slowly up to 2500 kev. If one assumes that the back- 
ground varies smoothly as a function of H, one can dispense with the onerous 
operation of measuring the background individually at each point of the experi- 
mental spectrum and determine it simply from the smooth curve drawn through 
the experimental background points. Even though the experimental background 
points are further apart than the spectrum points and have a greater uncertain- 
ty, the averaging effect of the described procedure reduces the actual error 
in the final results to an insignificant amount. 

The experimental background curve is such that it can be replaced by four 
straight lines. The straight lines shown in Fig.2 were obtained by the method 
of least squares. As a result of these calculations the background under the 
most intense lines is determined with an error of 0.2-0.3 counts/min. At 
other locations (where there are no indications of a rise in background) this 
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error is presumably not over 0.1 counts/min. Thus, for example, in the 2250- 
2600 kev region the error is approximately 0.06 counts/min. 


5. Processing of the experimental curve 


For determining the relative y-line intensities the experimental spectrum 
was processed as follows. 1) The background was subtracted. 2) The appropri- 
ate corrections for the variation of the efficiency of the counter system with 
the electron energy were introduced; the efficiency vs energy curves were 
plotted on the basis of the work of McClurel9; under our conditions the counter 
efficiency changed by about 7% in the electron energy range from 400 to 2000 
kev. 3) The results were reduced to equal Hop intervals. 4) The curve was then 
resolved into standard shape components and the area of each component deter- 
mined. 5) The area of each component was multiplied by the appropriate coef- 
ficient associated with the absorption of the given y-rays in the source and 
walls of the instrument and divided by the spectral sensitivity of the instru- 

ment. The final resultant 
values were taken as the 


NM /{N 
to! (ip) me relative line intensities. 
| The values of Ey were con- 
| verted to Ej;ye by means of 
the calibration curve given 
a8| | in Ref.6. In this earlier 
| | contribution we also dis- 
cussed the results of our 
06) ote investigation of the line 
| °h shape. In connection with 
| pak Y the present investigation 
ad we undertook a repeat study 
! | of the line shape with parti- 
cular attention to the low- 
a and high-energy tails. The 
! results obtained (Fig. 3) 
, agree with the earlier data 
08 a9 7 op on the line shape® except 
(HO) mar that the rise on the high- 
Fig.3. Apparatus line shape in reduced co- energy side for the Cco89 and 
ordinates: a) 1332.5 kev line of CoO , b) zn©5 lines begins somewhat 
1120 kev line of zn®5 c) 661.6 kev line of earlier than for the y-line 
Csl37, of Cs!37, The line shapes 


for other energies were 
determined by linear extrapolation of the observed rises. 

The spectral sensitivity of the instrument (Fig.4) was determined on the 
basis of measurements of the spectra of Cs137, Cco®0 and Na24. The activity 
of the Cst37 and Co®9 sources was determined for us by the calorimetric method 
by E.A.Khol ‘nova. 


6. Resolution of the recoil electron spectrum into components. 
CEO eS ee ee eee 


The procedure employed in resolving the recoil electron spectrum into 
components was the following. First we determined what y-lines Bee 
known in a given energy interval, both from recoil electron spears : and 
conversion electron spectra*#»9, As regards the latter, we paid particular 
attention to results of Mladjenovic & Slatis®, taking into account both the 
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identified and the unidentified lines 
J (Ey) mentioned by these authors. The energy 
positions of the y-lines determined from 
a conversion electrons? were assumed to be 
20 correct. The line intensity was chosen 
so as to secure the best fit of experiment- 
al points. After this it was found that 
i in some locations the experimental points 
a lay above the composite curve representing 
; the sum of the known components. Ina 
a5 number of cases in the region of high 


energies, where the rise of the experiment- 
al points above the composite curve was 
far beyond the limits of the statistical 
error, we postulated the existence of pre- 
viously unknown lines. 

The section of the spectrum from 1820 


to 2600 kev is shown in Fig.5. In addition 
to the well-known intense y-lines of 1840, 2204 and 2450 kev energy, there 


are evident in our spectrum weaker lines, not previously observed in recoil 
electron spectra. Two of them - 2016.7 and 2117.0 kev - have been observed 
from conversion electrons and identified by Mladjenovic & Slatis.° The con- 
version electron table given by these authors includes a number of unidenti- 
fied lines. Among these is the line they list under No. 137 (Hp = 7412.22). 
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Fig.4 Experimental spectral sensi- 
tivity curve for the Elotron. 
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Fig.5. Resolution of the y-spectrum of RaC in the 1820-2600 kev region. 
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Fig.6. Experimental curve sao be 
the 2204-2450 kev section of 
the y-spectrum of RaC obtained 
under improved conditions. 
Circles - background. 
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Fig.7. Resolution of the RaC 
y-spectrum in the 2204 to 
2450 kev region. 
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If we assume that this line is due to the K 
conversion electrons from RaC, the energy of 
the associated y-line is found to be 1862.3 
kev. After plotting the enumerated six lines, 
it became evident that there was an appreciable 
excess of coincidences near 1900, 2100 and 
2300 kev. To explain this excess we assumed 
the existence of three weak y-lines with ener- 
gies of 1900, 2085 and 2290 kev; the most in- 
tense of these (1900 kev) is two times weaker 
than the 2450 kev line and appears only in 
0.9% of the disintegrations. In the recoil 
electron spectrum published by Latyshev2 
there is indicated a 2090 kev y-line; at the 
same time the three-times more intense 2ZAVT 
kev line is not mentioned. Apparently, the 
two 2085 and 2117 kev lines merged in the 
spectrum of Latyshev and were attributed the 
2090 kev energy value. 

After addition of the above-mentioned 
lines there still remained the following diver- 
gences between the composite curve and the 
experimental one. 

1. In the 2500 to 2700 kev region there 
is a persistent excess of the counting rate 
above the background; it cannot be explained 
by the influence of the neighboring 2450 kev 
line. It is possible that there exists other 
y-lines on the high-energy side of the 2450 
kev line; this question will be discussed in 
another contribution. 

2. The experimental points lie above the 
composite curve in the interval between the 
2290 and 2450 kev lines. This excess could 
be explained by the existence of a very weak 
(0.003 photons per disintegration) line with 
an energy of 2340 kev. To check this we re- 
investigated the 2204 to 2450 kev section of 
the spectrum under improved conditions, using 
a new amplifier (reduced background). The re- 
sults of this investigation are shown in Figs. 
6 & 7. As may be seen from the curves, the 
existence of the y-line at 2290 kev was con- 
firmed, while the assumption of the presence 
of a 2340 kev line was not substantiated. 

In Fig.8 we show the section of the 
spectrum from 1480 to 1820 kev. In addition 
to the peaks corresponding to the well-known 
1509.3 and 1764.4 kev y-lines, a peak in the 
vicinity of 1580 kev is clearly discernible 
in the experimental curve. Among the unidenti- 
fied lines in the conversion electron study of 
Mladjenovic & Slatis® are their lines Nos.123 
& 126. If we assume that these are the K and 


mas = 


Fionn Be conversion electron lines, we 


Gp ae obtain a value of 1582.9 kev for the 
zh energy of the associated y-line. The 


} excess of recoil electrons near the 
1764.4 kev line on the side of low 
energies can be explained by the 
presence of y-lines with energies of 
79s a, 068.4 and 1605.2. The first 
is known from the conversion electron 
spectrum; the energies of the second 
and third were deduced on the assump~ 
tion that the unidentified Nos.127 
and 130, 124 and 128 lines of Mladjen- 
ovic & Slatis® are due to the K and 
Ly conversion electrons from RaC. 

The excess of recoil electrons near 
the 1764.4 kev line on the side of 
higher energies can be explained by 
the presence of y-lines of energies 
1783.8 and 1790.7 kev; these energy 
values were obtained on the assumption 


; that the unidentified Nos.132 and 133 

lines of Ref.5 were produced by the K 
eH g Pe ae conversion electrons from Rac. It 
ae : pes 1862 fiacebe noted that, the accuracy in 
U 5500 — *100 7500 Hp, GS-M determining (N/Hp) max for the above 
lines is not high jnasmuch as they 

Fig.8. Resolution of the y-spectrum appear against the packground of a very 

of RaC in the 1480-1820 kev interval. intense line; 4 small change in the 


actual height of the 1764.4 kev line 
would have an appreciable effect on the value of (N/Ho) max f°F these lines and, 
consequently, on the areas under them. There appears to be no need to plot 
new lines in this part of the spectrum. 

In Fig.9 we show the section of the spectrum in the region extending from 
450 to 1480 kev. The well-known intense lines at 609.3, 768.7, 934.8, 1120.4, 
1238.3 and 1378.2 kev do not wholly account for the experimental curve. 

The excess of recoil electrons between the 609.3 and 768.7 kev lines can 
be explained by the presence of y-lines of energies 652.4, 660.9 and 703.2 
kev, whose energies we have evaluated on the assumption that the unidentified 
lines Nos.81l, 82 and 88 of Mladjenovic & Slatis® are due to K conversion 
electrons from Rac. The unusual shape of the 768.7 kev line (comparatively 
flat slope on the high-enerey side) is probably due to the presence of three 
close lines having energies of 787.1, 806.3 and 821.3 kev. The energies of 
these lines were also determined on the assumption that the Nos.91, 92 and 93 
lines of Ref.5 are produced by K electrons from Rac. In order to account 
for the shape of the experimental curve in this region, We were forced to 
introduce two additional lines of 1155.3 and 1207.1 kev energy between the 
intense 1120 and 1238 kev lines. The energy of the first (1155.3 kev) is 
known from conversion electron measurements, while the second was found Sods 
the unidentified lines listed in Ref.5. On the high-energy side of the as s 
kev line there is clear evidence of the 1281.3 kev line which was soe at 
Mladjenovic g& Slatis in the conversion electron spectrum. After plo ing 


adding uP all the above enumerated lines, there still remains some divergence: 
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Fig.9. Resolution of the y-spectrum of RaC in the 450-1480 kev region. 


near 720 kev and in the 840-890 and 960-1040 kev intervals the experimental 
points lie well above the composite curve. Further investigations are needed 
to interpret these divergences. 

The section of the y-spectrum of 


f RaC from 1350 to 1450 kev was analyzed 
we in detail in Ref.11l. 
The relative intensities of the 


y-lines of RaC are listed in Table l 
and shown graphically in Figs: 
Regarding the accuracy of our deter- 
mination of the relative line intensi- 
ties we can state the following. 
a) For the "strong" lines with 


Bie Phen Tse relative intensities above 0.4 the 


L 
600 1000 1400 1800 2200 = 2600 error is determined not by the statisti- 


2 


a cal uncertainty but primarily by the 
Fig.10. Relative line intensities possible error in plotting the spectral 
in the y-spectrum of RaC. sensitivity curves (+15% in the interval 


from 600 to 2200 kev). It should be 
recalled that the relative intensities of close lines are known with high 


accuracy. 
b) For some lines there is an additional uncertainty due to the tails of 


close-lying strong lines. This pertains, for example, to the 1155, 1281, 1509, 


1583 and 2117 kev lines. 
c) For the weak lines one must add the statistical uncertainty to the 


above errors. 
d) In the case of very closely spaced lines an appreciable error may be 


*See Note at end of report. 
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. . Table 1 
Energies and relative intensities of the y-lines of RaC 


es ne lati ve intensities 


a / 5 3 aALICNOVic 
oa ee hated ur data phedapan: atyshov 
- a. (Ref. 3) | Bey), 
| G09,3 vars} 0,13 = 
zZ Gu2, 4 : 
6601,4 Vo 
t (05,2 30) — 
16S 7 [,02 { 
ty 787, 1 0,25 f 1,11 S 
7 806.3 0.33 — 
S 821.3 (1 14 = 
q 934.8 0.74 O54 = 
10) 1120, 4 2 go i. 3.9 Oe aie fey 
11 {155,3 0,44 iy | 
{2 | 1207.1 OvoF 1 | 
13 1938": 1.23 ( 12 ORC ee 
14 1281 ,3 0,34 | | 
1 1378.3 | 0,86 1,66 | i Sows 
415 1345°3 | hie! | 
17 301,14 | es | 
18 13965 , Vil | 
19 1401.7 | ve | 
| ae tae. il | | 
20) iOS 0 
21 17380 J J 
22 | 1509,3 0,60 | 0,56 0,06 
23 1982.9 | 0,24 | 
24 1605 ,2 0,07 
25 | 1668, 4 0,11 
263 [7289 0,34 | 3,14 sy 
27 1764.4 Se ips! Treat 
28 17838 0,58 
29 17907 0,16 
30 1848 5 0,25 0,33 0,32 
31 18623 0,28 
o2 1900 | 0,17 
33 2016,7 0,05 
34 2085 0,08 
3D 2117,.0 0,28 
36 2204, 2 4 I 4 
or 2290 0,07 
38 2450 0,36 0,36 0,34 


*Note: The energies of the y-lines Nos.1,5,9,10,11,13,14,15,22,26,27,30, 
33,35 & 36 in our table are given on the basis of the conversion electron 
measurements of Mladjenovic & Slatis®. These authors also list a number of 
lines not identified by them. These are their lines Nos.81 ,82,88 ,90,91 ,92, 
93,102,112-116 ,118 ,123,124,126-128 ,130,132,133 and 137 which we have identi- 
fied and listed in Table 1 under Nos.2,3,4,6,7,8,12,16-21,23,24,25,28,29 & 31. 
The energies of the y-lines Nos. 32,34,37 & 38 were determined by us. The rela- 
tive intensities indicated by Mladjenovic & Hedgran and Latyshev pertained to 
groups of unresolved lines; we have used braces to’ indicate the probable 
groups, but have indicated the corresponding intensity value at the energy 
given by the respective authors. 


introduced by the uncertainties of resolution into components. 

The accuracy of determination of the relative intensities of such lines 
as those at 787, 806, 821, 1207, 1605, 1668, 1784, 1791, 1900, 2017 and 2085 
kev does not exceed 50%. 


Re 3 ea mm 


Sa tan ae 


= 1001) = 


7. Determination of the number of quanta per disintegration 
$$$ itn per aisintegration 


Knowing the relative intensities (N ) of the y-lines in the spectrum and 
the total energy Q carried off by the y=tays per disintegration we can readily 
determine the number of quanta per disintegration for each y-line from the 
following relationship o-N KE, = Q, where Nyk is the number of quanta per 
disintegration associated with’ the y-line of energy E,. It must be noted 
that the values of N,k determined in this manner may be overestimates inasmuch 
as the summation is carried out over all the known y-lines, while there may 
also be some still unknown ones. In the case of RaC, however, the y-spectrum 
has been investigated fairly thoroughly in all energy regions, hence the indi- 
cated overestimates can only be minor. 

The value of Q is taken from thermal or ionization measurements. For 
radium this quantity has been determined repeatedly.!2 The best calorimetric 
determination of the total energy carried off by the y-rays of 1 gram of radi- 

um per unit time was carried out 


Table 2 by Zlotowskil3 in 1935. Zlotow- 
Evaluated numbers of quanta ski gives Qo = 9.1 + 0.15 cal 
per disintegration for RaC gol hour7!; this energy value 
pertains to the radiation from 
Kue | ‘ykEy radium (B + C); the effect from 
ee number the y-rays from radium itself 
4 eat a ta Seneres carricd off amounts to only 0.02 cal g7l 
per decay] oy 62m" hour-! (Hahn & Meitner!4), i.e., 
: lies well within the limits of 
{ 609,3 7,34 0,398 0,242 the error in determining Qo. 
“ 652,4 0.56 0.030 0,020 In determining the number of 
ji cain ae atned 0.014 quanta per disintegration,it is 
: 768.7 1,02 0,056 0,043 convenient to express Q in Mev 
6 787, 4 0,25 Heer hen per disintegration. Converting, 
3 te es O44 008 07006 we obtain Q = 1.81 Mev. (In 
9 934,8 0,74 0,040 0,037 our calculations we assumed that 
7 142) ,4 he pene oe the number of disintegrations 
11 1155.3 | 0,44 | 0,024 0,028 
42 420774 0,37 0,020 0,024 per second in 1 gram of radium 
43] 4288,3 | 1,25 | 0,067 Thee is 3.65°1010; this is given as 
i ae ee eee 0/065 the most accurate value by Whytel9.) 
16—21] 1410) 0,84 0,046 0,065 As noted, this energy pertains 
"es pooe.2 4 4,80 oss ey to the radiation from radium 
23 1582,9 0,24 0,013 0,020 
24 1605.2 | 0,07 0,004 0,006 (B + C). The y-rays from RaB 
25 | 1668,4 | 0,11 | 0,006 ae account for 0.11 of the total 
7 Vand 73 0449 0/263 energy emitted by radium (B + C). 
28 1783, 8 0,58 0,032 0,057 This value is given by Rutherford 
ee 4790, ode oot dee et al16 as the most accurate one. 
3 1862'3 0°38 0,015 0,028 Consequently, the total energy 
32 | 1900 0,17.) 0,009 0,007 emitted in the form of y-rays 
3 3085" 0°08 0004 008 per disintegration of RaC equals 
35 | 2117,0 | 0,28 | 0,015 0,032 1.81 (1 - 0.11) = 1.6. Mev. The 
36 22042 : ein ee results of computations based on 
37 2290 0,07 0,004 0,009 , ; Panay aeeerad 
38 2450 0,36 0,020 0,048 our relative intensity 
the indicated value of Q are 


AP iccay -«sListed in Table 2. 
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pated in the measurements. 
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"D. I.Mendeleey" All-Union Scientific Resear 


ch Institute of Metrology 


Erratum note regarding Ref.1l: In Ref.11l certain arithmetical errors 


crept into the calculation of A. and 4, (Russ. pp.938 & 939; trans. pp.849 & 850, 
Bulletin, Vol.20, No.8). On the former page the text from the middle of the 
page should read: 


"For our 806 kev case, >. = 6.9-1010 sec ana, 
= 2.0°10190 see ang Te- = 3.5-10-11 sec, 


The corresponding overlap parameter of the wave function is 


deduced value of Te- is in agreement with the evaluations of 
On the latter page, read: 
a 5 7 411,—TT,) 


consequently, 4,_ =, ae 
806 | is 

YS806 

0 = 0.13. The 

Bethe and Drell." 


M7 , where ll, is computed by means of the same formula (2) as 
MaeeUut for P= 2; “As a result, we obtain 1, = 7.3°104 sec-1 and the ratio 
Rees =) 273-109," . 
~ The calculated value of dveop 2 hay is in fairly good agreement with the 
experimental one. 
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NEW LINES IN THE SPECTRUM OF RaC 
- I.F.Uchevatkin & S.A. Shestopalova 


In their report, Dzhelepov & Shestopaloval (see preceding article) note 
that in investigating the Y-spectrum of RaC they observed in the region ex- 
tending from the 2450 kev line up to about 2700 kev a rise in the number of 
coincidences above the background that cannot be explained by the influence 
of neighboring lines. We decided to investigate this section of the spectrum 
on the Elotron under enhanced transmission conditions. The usual cellophane 
target was replaced by a beryllium target 330 thick and the defining slits 
in front of the counters were increased to twice the width and height employed 
under standard conditions?. This led to an increase of the transmission by a 
factor of about 30 with an accompanying decrease of the resolution by a factor 
of 2.2 (at Ey = 2700 kev). In order to determine the line shape under these 
conditions, we carefully investigated the 2614 kev line of ThC" and the 2758 
kev line of Na24, 

In investigating the spectrum of RaC in the region above 2450 kev, we 
observed a systematic appreciable excess of coincidences above the background 
up to about 3200 kev; the background in this region of the spectrum amounted 
to ~10% of the effect (coincidence count with the target in the beam). A 
substantial reduction of the background was realized by replacing the lead 


collimator by a lead plugged tungsten collimator and using an amplifier with 
t= 10-§ sec. 


rae 
Mp! "Ho! maz 
10 r . 2450 


aé 


a6 


a4 


a2 


10 uw aT: 13 Ap 
(40) max 


| i = : 1) spectrum of RaC, 2) 
Gamma-spectrum of RaC in the 2450-3400 kev region 
2614 ee line of ThC", 3) 2758 kev line of Na24, The insert shows the 2550- 
3400 kev section of the spectrum to an enlarged scale. Dash lines - RaC 
spectrum with the high-energy tail of the 2450 kev line subtracted. 
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"relative" 
igh-energy tail of 
f the ThC" and Na24 
of recoil electrons 
t we show this excess with the "tail" of the 2450 key 

e the arrows give 
n this region 
al3, It may be 


coordinates. [It will be 
the 2450 kev Rac line, 
lines, lies well below 
from RaC. In the inser 


wo excited levels of Rac! known i 
particle measurements of Rutherford et 
inferred from our results that the excess of recoil electrons 
lines that have not been hitherto detected. 

In 1950, Bishop, Wilson & Halban4 
in the region of 3 Mev by observation o 
of deuteriun. These authors did not su 


We evaluated the total intensity of the detected "residue": it is 10 times 
weaker than the 2450 key line or roughly 2-10-73 quanta per decay. 
technical Institute participated in the 
he ThC" 2614 kev line. The authors ac- 
lepov for discussion of the results and 
dence amplifier. 


"D. I.Mendeleev" All-Union Scientific Research Institute of Metrology 
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NEUTRON DEFICIENT ISOTOPES OF THE RARE EARTH ELEMENTS FORMING AS A RESULT 
OF SPALLATION OF Ta UNDER BOMBARDMENT WITH 660 Mev PROTONS. Part 1. 
- G.M.Gorodinskii, A.N.Murin, V.N.Pokrovskii & B.K.Preobrazhenskii 


The spallation reaction on tantalum bombarded with 340 Mev protons was 
studied by Nevrik & Seaborg!. We undertook an investigation of the spallation 
products formed in the bombardment of Ta with 660 Mev protons. For the speci- 
fic purposes of this study we chose the rare earth elements inasmuch as the 
neutron deficient lanthanide isotopes have been little studied and are partly 
unknown. 

The tantalum targets were irradiated in the synchrocyclotron of the Joint 
Institute for Nuclear Research. The irradiation was carried out either in 
the intrinsic beam (1-2 hours) or in the scattered beam (several months). Such 
prolonged irradiation was necessary for accumulation of sufficient long-lived 
activities. The separation of the rare earth elements was realized by the 
chromatographic procedure described by Preobrazhenskii et al2, The high quali- 
ty separation afforded by this procedure greatly facilitated our task. 

The individual fractions were investigated primarily by scintillation tech- 
niques by means of a specially constructed y-spectrometer and a y-y coincidence 
set-up. We also made use of data on the half-lives obtained through measure- 
ments with an end-window counter and information on the type of radiation and 
B-particle energies derived from measurements made on a simple Danish type mag- 
netic spectrometer. 

The scintillation y-spectrometer, constructed in our laboratory, is based 
on the conventional single crystal, one channel design. It employs a non- 
jamming amplifier with pulse shaping in a shorted artificial line. Particu- 
lar attention was paid to stability of operation, particularly stability of 
the discrimination thresholds in designing the set-up. The use of different 
auxiliary measures and devices (such as automatic shifting of the discrimina- 
tor gate after a given time, alternate recording of the number of pulses by 
two mechanical registers, automatic recording of the y-spectra, etc.) greatly 
facilitated the work and appreciably enhanced the "productivity' of the set- 
up. A standard NaI(T1l) crystal measuring 30 by 20 mm and a FEU-S type photo- 
multiplier were used in the spectrometer. The relative half-width of the 
Csl37 y-1ine (662 kev) was 8.6 or 9.3%, depending on the experimental geometry 
(see below). 

The y-y coincidence discrimination in energy set-up was also based on 
the scintillation principle (Nal(T1) crystals and FEU-11 type photomultipliers) 
and had the following characteristics: resolving time - 8-107 7 sec; half-width 
of the Csi37 y-line - 10% in each channel. A detailed description of the 7- 
spectrometer and the 7-7 coincidence circuit will be published later. 

Among our aims was determination of the relative y-line intensities. 
Hence we gave a great deal of attention to determining the line shape and elimi- 
nating the back-scattering peak. 

Our best results (virtually complete absence of a back-scattering peak) 
were obtained by using a lead collimator with a tapered aperture. To eliminate 
x-ray fluorescence of the lead the truncated-cone opening was lined with suc- 
cessive layers of tantalum, tin and copper foil (0.5 mm Ta + Oo Ape oe Sn + 0.3 
mm Cu). With this experimental geometry the half-width of the Cs y-line 
was 9.3%. 

Inasmuch as the activity of some of the sources was insufficient for work- 
ing with this geometry, these were placed in the immediate proximity of a, 
crystal - so-called "O"-geometry. The back-scattering peak is reduced as t e 
source is brought nearer to the crystal which facilitates working with this 
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geometry. It proved possible to avoid x-ray fluorescence of the lead in this 
case through suitable arrangement of. the lead shielding; in this case the half- 
width of Cs!37 line was 8.6%. 

The line shapes were investigated with both geometries. For this purpose 
we chose the single y-lines of such isotopes as Cel4l (145 kev), Hg293 (279 
kev), Cr°l (320 kev), Aul98 (411 kev), and Cs!37 (662 kev) as well as their 
x-ray radiations. The results obtained allowed of resolving the spectrum into 
individual lines at all intermediate energies. The experimental technique for 
determining the line shape has obvious advantages over the procedure of theo- 
retically calculating the line shape, frequently employed in scintillation y- 
spectrometery (see, for example, Ref.3). 

With the aim of determining the detecting efficiency of the crystal as 
regards y-rays of different energies, we recorded the y-spectra of B -active 
isotopes having single y-lines. We determined the corresponding number of de- 
cays by B measurements with a ''4x'' counter. From the known number N of decays 
per unit time and the number of pulses per unit time at the photopeak taken 
from the experimental spectrum (i.e., from the experimentally determined area 
under the photopeak - Sy) one can readily determine the recording efficiency 
Ky for photons of the given energy: 


= 1S : 1 
Ky Y/N, QQ) 


Here Ny is the number of y-quanta, a quantity that can readily be determined 
if the character of the decay scheme and the values of the conversion coef- 
ficient are known. 

Further we took advantage of the fact that the x-ray radiation of our 
samples appears only due to conversion of the y-rays. In view of this the 
relationship between the number Ny, of x-ray quanta (K-line) and the number of 
y-transitions is described by 


Nx = KN, » 


where Qx is the K shell conversion coefficient and “x is the fluorescence 
yield on the K shell. Then the detection efficiency for x-rays is 


s 
Sx gai Sp (2) 
: Nx OK Sy 
Thus we were able to evaluate the efficiency of the crystal as regards detec- 


tion of x-rays. mer 
Inasmuch as the shape of the photopeak is very nearly gaussian*, one can 


readily write the analytic expression for S, namely 


ey uh 1n2 
Se om = mAE, 


where n is the number of pulses per unit time measured at the thaximum of the 
photopeak (per 1 kev) and AE is the half-width of the photopeak for the given 
re oe (1) and (2) were used to calculate the Cel bahay Se a0 apa 
for x-rays and y-quanta of energies 36 kev (Cel4l kK Eiht 73 sie oe 
x-rays), 145 kev (cet4}) , 279 kev (Hg293) and 662 kev (Cs ). : oe 
for 411 kev (Au!98) was determined from Eq. (2) taking the value o Kye 


the previous measurements. 
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The results obtained for the efficiency of the 30 x 20 mm Nal(Tl) crystal 
are shown in Fig.l. The drop in efficiency in the low energy region is con- 
nected with absorption in the aluminum container and the MgO layer surrounding 
the crystal. Inasmuch as we did not know the effective thicknesses of these 
absorbers, we checked this assumption in the following manner. We determined 
the thickness of an aluminum layer that would yield equal detection efficien- 
cies for 36 and 73 kev quanta (the efficiency of the crystal itself in the 100 
kev region is commonly assumed to be energy independent). The order of magni- 
tude obtained (~2 mm Al) and the fact that this agreed with our estimates of 
the approximate effective absorber thickness for the different geometries con- 
firmed the validity of our inferences. After introducing the correction for 
absorption, we can evaluate the solid angle viewed by the crystal with the 
different geometries. Obviously, it is characterized by the maximum possible 
efficiency value with the given geometry and amounts to 0.183 for the "0"- 
geometry and 0.003 for the geometry with the collimator. 


a 700 <0 at Ee 0 200 200 500 Ey 


kev 


Fig.l. Efficiency Ny of the 30 x 20 mm Nal(Tl) crystal as a function 

of the energy. Ny is given in % of the total (in4t) number of quanta. 

The solid curve is drawn through the experimental points; the dash- 

line curve is plotted taking into account the absorption in the con- 

tainer and the MgO surrounding the crystal. a) ''O''-geometry; b) geo- 
metry with collimator. 


The general appearance of the efficiency curves (Fig.1) and the increase 
in relative efficiency for hard y-rays as the source is moved further from 
the crystal are in agreement with the results of the theoretical calculations 
of Liden & Starfelt® and the data of Johansson®, In view of the fact that it 
was impossible to eliminate certain experimental uncertainties, the accuracy 
of determination of relative line intensities with reference to the curves of 
Fig.l does not exceed 20%. In the energy region below 70 kev evaluation of the 
intensities is further hampered by apparatus short-comings (low resolution, 
inadequate number of experimental points at the photopeak, etc.). Hence for 
the most part we did not calculate the intensities in this region. We hope 
that improvements in technique will enable us in the future to enhance sub- 
stantially the accuracy of intensity determination. 

We note that cascade y-rays can yield an aggregate pulse and that thus 
there can appear in the spectrum an additional peak with the total energy of 
the coinciding y-rays. Naturally, such coincidences are evinced only with 
a sufficiently large solid angle. Under our conditions, they were clearly 
recorded with the "O"-geometry. This effect proved useful in interpreting 
the spectrum. First, we were able to check the results obtained on el: 7-7 
coincidence set-up (a similar idea was utilized by Lu and Wiedenbeck ); and, 
second, we were able to evaluate the intensity of the coinciding y-rays. 
Thus the number of photopeak coincidences for two y-lines (i.e., the area 
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under the coincidence peak) \. 


according to the general coincidence formula 
1s given by 


\ = (3) 


where NV is the number of cascade transitions. Obviously, when N.,/N is known 
one can readily determine V,, from (3). We shall make use of Eq. (3) below. 

Let us now turn to the results of measurement. For convenience we shall 
proceed in order of decreasing mass number. In the present communication we 
shall consider the isotopes of Lu, Yb and Tu with A from 173 to 165. 

A = 173. In the Lu fraction (short-term bombardment) there were detectea® 
traces of a long-lived activity. According to the tables of Seaborg®?, BY 
could be ascribed to Lut?4 or Lul73, From the y-y coincidence measurements 
it may be concluded that the Lul?4 content does not exceed 10% of the Lul73 
content (thus, for example, the absence of coincidences of the 79 and 180 kev 
Y-rays indicates the absence of the y-spectrum associated with the rotational 
band of the even-even ybl74 nucleus). Gromov & Dzhelepov19 came to the same 
conclusion. Hence in processing our results, there was assumed to be no Lu1?4 
impurity present. 

Lut73 has a period of ~200 days (not 500 days as indicated in Ref.9). We 
consider that our value is reliable inasmuch as it agrees with that obtained 
by Bobrov et all9, The Lul73 spectrum (Fig.2) consists of y-lines having 
energies of 77, 101, 177 and 274 kev. These values are in good agreement 
with the data of Bobrov et all9; 78.7, 100.7, 179.5 and 272.5 kev. The rela- 
tive intensities of the enumerated y-lines, according to our measurements, 
are 1.95 : 1.0 : 0.81 : 3.62. Our coincidence measurements showed that the 
77 and 101 kev y-rays coincide in time, that the 177 and the 274 kev y-rays 
are not in coincidence and, finally, that all the y-lines coincide with the 
x-ray radiation. 

On the basis of the data of Bobrov et al1l° and our results one can con- 
struct the level scheme, characteristic of even-odd nuclei (Yb173), shown 
shel Nos leae se 

The first two levels are the levels of the familiar even-odd nucleus ro- 
tational band in which the cross-over transition (180 kev) has the multipole 
order Eo, while the cascade transitions 
(79 and 101 kev) are predominantly Ml. 
This is substantiated by the data of 
Bobrov et all9, Taking the conversion 
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coefficient values listed by these authors, one can obtain the relative abun- 
dances of the direct and cascade transitions from the 180 kev level and there- 
from (see Ref.11), for example) evaluate the admixture of E2 in the 101 and 79 
Bev transitions. Calculation yields a value of ~5% for the E2/Ml ratio, which 
is in good agreement with the evaluation of Bobrov et al based on the K/L ratio. 

The 272 kev level is in all probability a single particle one. The pos- 
sible spin and parity assignments (7/2+ or 7/2-, see Ref. 10) are in agreement 
with the scheme of Mottelson & Nilssonl2, The fact that there are no trans- 
itions from this level to the rotational levels is also evidence in favor of 
the assumption that the 272 kev level is a single particle one. The spin and 
parity assignment for this level can be made more precise in the following 
manner. . Taking OQ = 0.21 for the 180 kev transition (the theoretical value 
for E2) and utilizing the data of Bobrov et allO on the relative intensities 
of the K lines of the 272 and 180 kev transitions (0.16 : 0.19) and our data 
on the relative intensities of the corresponding y-lines (0.81 : 3.62), one can 
evaluate Qx for the 272 kev transition. Calculation yields OK 0.05, which 
is more consistent with the value for E3 (0.02) than for Ml (0.18). This being 
the case the 7/2+ assignment for the 272 kev level is preferable. 

Taking the theoretical conversion coefficients for the indicated multipole 
orders (neglecting the mixture of E2 in the cascade transitions), one can de- 
duce the relative abundances of the transitions from each level and from this 
evaluate the population of the levels. The values obtained in this way are 
shown in Fig.3. Absence of transitions to the ground level is indicated by 
comparison of the x-ray radiation intensity as calculated from the total number 
of transitions (deduced as explained above) with the experimentally determined 
intensity. The last proved to be some 25% less than the calculated value; in 
view of our experimental uncertainties the agreement may be considered satis- 
factory. 

Regarding the distinctive features of the decay scheme for Lul73, namely, 
the absence of transitions to the ground level of Yb!73 and the relatively low 
population of the single particle 272 kev level, it may be noted that the first 
can apparently be explained by the supplementary selection rules given by 
Alagal3, while the second is explicable from energy considerations. 

mot 72 & 171. The activity with a period of 7-8 days detected in the Lu 
fraction can, according to Nervik & Seaborg! and Gorodinskii et al”, be ascrib- 
ed to Lu!72 or Lul71, or a mixture thereof. We are unable at present to dif- 
ferentiate between these isotopes or give reliable information on the y-spec- 
trum of their mixture. We can only note that the most noticeable lines in the 
y-spectrum of Lul72 + Lul71 are observed at ~180, 730 and 1100 kev. The exist- 
ence of these lines has been substantiated by Bobrov et a110, 

A = 170 & 169. We also observed a 1.5-2 day activity in the Lu fraction. 
According to Seaborg's tables? it may belong to Lul70, As has been noted by 
Nervik & Seaborg!l, however, and substantiated by our earlier measurements” , 
Lul62 should also have a half-life in this range; the existence and approxi- 
mate period of this isotope have been firmly established by us by means of 
repeated chromatographic separation of the daughter element Yb169. We refrain 
from giving our data on the decay of Yb169 here inasmuch as they are in good 
agreement with the information in the literature. 

Thus the 2-day activity must be attributed to either Lul69 or a mixture 
of Lut7° and Lul69, Investigation of the y-spectrum of Lul70 + Lul®9 is 
rendered difficult not only by the complicated character of this spectrum 
itself but also by the presence of Lui?72 and Lu?71 in the lutetium fraction 

(see above) ; study of this spectrum is further hampered by the intense lines 
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of the daughter isotope yb169. At present we can only indicate that the y- 
spectrum of Lul70 + Lul69 lies mainly in the low energy region (< 300 kev). 
A = 168. In the Tm fraction we detected a long-lived activity with a 
half of ~100 days which one might be inclined to ascribe to Tm!68. Analysis 
of the y-spectrum showed, however, that the observed y-lines (~80,100,200 
350,800 and 1100 kev) do not fit into the simple rotational band eeieme that 
should obtain for the even-even Er168 nucleus. The inadequate activity of 
our sources did not allow of carrying out the essential y-7 coincidence experi- 
ments and evaluating the relative y-line intensities. It is possible that we 
were dealing here with an admixture of the B”-emitter Tm170 or the presence of 
some isomer. 
A = 167. This mass number corresponds to one of the neutron deficient 
Tm isotopes. The y-spectrum of 9.6-day Tm167 
ea teupits was investigated by Nervik & Seaborg!, who 
400 48 Kev give the following line energies: 49 (x-rays), 
| 115, 202, 515 and 720 kev. In our measure- 
ments the 515 and 720 kev lines were not de- 


€—17 
ed ms tected; if they exist at all, their relative 
A intensities must be at least one order of 
200 magnitude lower than indicated by Nervik & 
| Seaborg. The y-spectrum of Tml167 in the 
| low-energy region is shown in Fig.4..0 Le 
fa sa Nx will be seen that the peak in the vicinity 
7 \J ee of 115 kev is due to surposition of the 
s ee ae back-scattering peak from the 207 kev line 
: . mad = ae ee and the 105 kev peak due to coincidences of 
 Fig.4. y-Spectrum of Tml167 (''o"- the x-rays from Erl67 (49 kev) with the 
geometry). The inscribed lines 57 kev radiation. 
in the 100 kev region show the That the 57 kev line does exist was 


shown by Gromov, Dzhelepov & Preobrazhenskii 
the back-scattering peak (from (Ref.14). This line cannot be distinguished 
the 207 kev gammas) and the peak directly on the scintillation y-spectrometer 
due to coincidences of the 49 due to inadequate resolution in this energy 
and 57 kev radiations. region; nevertheless its existence may be 
regarded as firmly established. First, it 
is evinced in the character of the photopeak due to coincidences of this line 
with x-ray radiation. The actual existence of this peak was checked in the 
following manner. The y-spectrum of Tm167 was recorded through a 0.12 mm 
Sn + 0.3 mm Cu absorber which appreciably attenuated the x-ray radiation but 
had virtually no effect on the intensity of the 207 kev line. With such an 
absorber the 57 and 49 kev quanta coincidences should disappear, while the 
back scattering peak due to the 207 kev line should persist. This is precisely 
what our experiment showed. Second, the existence of the 57 kev line was sub- 
stantiated by direct 7-7 coincidence experiments. 

In order not to return to the coincidence experiments, we note here that 
the 207 kev line does not yield coincidences with the x-ray radiation. 

Thus according to our data, the y-spectrum of Tm167 consists of lines 
with energies of 49 (x-rays), 57 and 207 kev. Direct evaluation of their 
relative intensities is difficult (we recall that in the~70 kev region our 
line intensity data must be used with circumspection). Me.can circumvent 
this difficulty, however, by turning to the data on the coincidences between 
the 49 and 57 kev quanta in the "O''-geometry. Thus, invoking Eqs. (1) and (3), 


we can write 


resolution of the spectrum into 
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Sy A 207 \ Y207 
and Y KayNaoK 57 vis E E 
inc... |r = oxKy,K5,Ny,, 


(inasmuch as JV,,/N’ =x, where N’ is the number of decays 


to the level from 
which the 57 kev transition originates) , whence 


N , .. 
Yor __ K2o7 “coinc. 
A Yaoy x A 49 K 57 Srey 
Substituting our experimental values, we obtain IV AVG. eee Oe 223 


The decay scheme for Tml167, proposed by Gromov, Dzhelepov & Preobrazhenskii 
(Ref.14) and refined with reference to our data is shown in Fig.5. From analy- 
sis of the conversion electron spectra these authors came to the conclusion 
that the possible assignments for the 264 kev level are 1/2+, 3/2+ or 3/2-. 

The number of 57 kev photons per disintegration for different spin and parity 
assignments was calculated on the basis of the theoretical conversion coef- 
ficients and relative conversion line intensities. For 1/2+ this number is 
0.75, for 3/2+ it is 0.66 and for 3/2- it is 0.07 photons per decay. 
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rae 
Fig.5. Decay scheme for Tm167, Fig.6. Tentative decay scheme for Tm166, 


Taking advantage of the fact that the number of transitions from the 207 
kev level equals the total number of disintegrations and knowing the conver- 
sion coefficients for this transition (see Ref.14), one can calculate the 
number of 57 kev photons per disintegration. According to our data 

N. Ny 1 


Pig Ga a 
NN T+ ae0: 0.09 + 0.02, 


where 0207 is the total conversion coefficient for the 207 kev transition ie 
N is the total number of disintegrations. The indicated uncertainty is oo 
mated in accord with the maximum and minimum number of coincidence. Maat : 
in resolution of the y-spectrum. Knowing the N,..,N ratio, we can ea os 
ously indicate the assignment for the 264 kev level (3/2-) and determine 
population of the levels (see Fig.5). 
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A = 166. We observed two isoto 
hours) and its daughter Tml66 (8 hou 
Y-spectrum of the ybl66 4 Tm166 
670, 800 and 1320 kev energy. 


We separated Tml66 chromatographically from the Yb fraction. Its y- 
spectrum consisted of lines having energies of 80, 180, 690 and 780 kev and a 
doubtful line at ~470 kev. The Y-spectrum of Tm166 was studied at the initial 
stage of the investigation with a crystal of somewhat smaller size than subse- 
quently used. Hence we cannot at present give the relative line intensities. 
It may be that we failed to detect the high-energy ~1300 kev line owing to 
the lower efficiency of the small crystal. In view of the short half-life of 
Tm166 > we were unable to carry out Y¥-y coincidence measurements. 

Nevertheless, we feel that we are justified in supplementing the decay 
scheme for Tm166 proposed in Ref.7 by introduction of a 780 kev level (Fig.6). 
The 780 kev level is, in all probability, a y-vibrational one; its spin and 
parity are given on the basis of the review presented by L.A.Sliv at the 
Seventh Conference on Nuclear Spectroscopy. The assignment for the ground 
state was made according to Pekerl5, 

The y-spectrum of yb166 consists of two lines at 110 and 140 kev; observa- 


tion of this spectrum was hampered by the intense lines of yb169 
gion. 


pes with this mass number: ybl166 (~g60 
rs). Nervik & Seaborg! investigated the 
mixture and report y-rays of 80, 112, 140, 180, 


in this re- 


A = 165. The observed isotopes with this number were Tm165 (1-day) and 


its eae Erl65 (10 hours). According to our measurements the ¥-spectrum 


of Tml& certainly comprises lines at 240, 300, 457, 830 and 1160 kev. Ac- 
cording to the results of Gromov, Dzhelepov & Preobrazhenskiil4 there are 
present in the y-spectrum of Tml65 jines with energies of 54, 80, 218, 243, 
298 and 459 kev. The 54 kev line could not be resolved by us; the 80 kev 
line was only weakly discernible but in view of the data of Ref.14 one can 

be certain that it exists. The 218 kev line could not be detected in our ex- 
periments inasmuch as it is too close to the 207 kev line of Tm167, The pres- 
ence of a mixture of isotopes in the Tm fraction greatly hampered both evalu- 
ation of the relative y-line intensities of Tm!55 ang the Y-y coincidence 
measurements. 

The spectrum of Er!65 in the energy range to 1 Mev contains no y-lines 
(Erl65 is reported to decay with the emission of x-rays). 
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cal personnel of the Joint Institute for Nuclear Research synchrocyclotron 
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long-term irradiations. We thank K.Ia.Gromov and B.S.Dzhelepov for communi- 
cating their data prior to publication and for valuable discussions. We are 
grateful to L.K.Peker for his interest in the work and participation in dis- 
cussion of the results. 
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ROTATIONAL LEVELS OF Mg24 
- L.K.Peker, L.V.Gustova & O.V.Chubinskii 


It is obviously of interest to verify the inference from the unified 
(Bohr-Mottelson-Nilsson) nuclear model that the conditions leading to the 
ellipsoidal equilibrium Shape of the nucleus are realized not only in the 
region of heavy nuclei (150 <A<190 and A> 222) but also in the region of 
light nuclei, in particular, near A = 24.1,2 fp certain light nuclei one 
might expect to find rotational levels. ‘ 

Attempts have been made in a number of recently published reports! ,3-5 
to identify some of the lower levels of Mg24, Mg25, 4125 and al28 as rotation- 
al levels. 

The purpose of the present work was to clarify the character of the 
higher (E > 4.12 Mev) excited levels of Mg24, 

Let us analyze the experimental data 
on the states of the Mg24 nucleus up to 
9 Mev energy (Fig.l and the accompanying 
table). These data on the excited states 
of Mg24 have been obtained as the result 
of investigation of B-decay of the two 
isobars (Na24 (B-) and La24 (B+)) and 
different nuclear reactions. 

The ~8.4 level is of particular in- 
terest. It follows from the data on 
the directional distribution of neutrons!4 
from the (d,n) reaction on Na23 that the 
spin and parity of this level are 14+ or 
2+. At the same time the B+-decay data 
for Al24 lead to 3+, 4+ or 5+ for this 
level®,12,13, ft may therefore be reason- 
ably assumed that actually there are two 
different levels in the 8.4 Mev region: 
one with the configuration 1+ or 2+, the 
other with 3, 4 or 5+. 

Bohr & Mottelson! infer that the 0 
Mev (0+), 1.37 Mev (2+) and 4.12 Mev (4+) 
levels comprise a rotational band associ- 
ated with the ground state of Mg24, for 
which K = 0+ (K is the projection of the 
total angular momentum of the nucleus on 
the symmetry axis). Evidence in favor 
of this is the spin sequence 0+, 2+ and 
4+ and the value of the energy ratio 


E44/EQ4 S=! Bh A 
Fig.l. Decay and level scheme for Let us hypothesize that pegenere e 
Mg24, The indicated energies are levels can also be rotational eae mac 
in Mev. we assume that the 4.24 Mev (2+) and 5. 


Mev (3+) levels are the first levels of 
a rotational band with Ip = K = 2+, then, as may be seen from the bebe i 
can also attribute to this band the ~6.5 and 8.4 Mev Levels with the a me 
ments 4+ and 5+, respectively. This is consistent with the available exp 


mental data. 
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The ~7.5 (1 or 2+) and~8.4 Mev 
eee eer el or 2+) levels may be identified as 
the first two levels of the first ro- 
tational band with K = l+. In this 
case the ~7.5 Mev level must have the 
——— -44 ey) configuration 1+, and the ~8.4 Mev 
W712" ae level should be 24+. The energy of 
i the third excited (3+) level according 
145° gs (65) to Eq.(2) (see under the table), must 
be of the order of 10-10.5 Mev. Pos- 
Gs: Sm sibly this was the level observed by 
a by" - Turner‘ in the (p,v) reaction (Turner 
cao r=2? gives 10.6 Mev). 
The energy diagram for Mg24 is 
Shown in Fig.2. The levels belonging 
to different rotational bands have 
been shifted relative to each other, 
i.e., arranged in vertical columns. 
a a It must be noted that all the known 
sae? excited levels of Mg24 up to 9 Mev 
: energy* fit into the indicated rota- 
tional bands. 
If the higher excited states (up 
to 9 Mev) of Mg24 are rotational, one 
can explain some of the distinctive 


242° —_ 44 is Jaas- 


2° ————. 37 


n 7d 

Fig.2. Level diagram for Mg24. at 
right - energies; at left - spin and 
parities. The theoretical energy, 
Spin and parity values shown in brack- 
ets. The levels pertaining to dif- features in the level diagram for 
ferent rotational bands are shifted Mg24 and the B-decay scheme for Na24, 
relative to each other. 1. It is known that the 8-transi- 


tions to the rotational levels are 
unfavored transitions.1,20 This being so, one can readily explain the low 


probability of the allowed B--transitions of Na24 to the 5.21 Mev (log ft = 
= 6.8) and 4.24 Mev (log ft = 6.11) levels of Mg24,** 

2. The even parities of the 5.21 Mev (3+) and ~7.5 Mev (1+) levels do 
not conflict with Glaubman's rule21 , according to which levels with odd spins 
must have odd parities, inasmuch as this rule pertains only to spherical nuclei. 

3. As may be seen from the table, the observed energy value for the 4.12 
Mev level is lower than the theoretical one (4.60 Mev). This may be explained 
by the influence of the two rotational bands with K # 0. 

It is interesting to note that the moment of inertia of the second rota- 
tional band is somewhat larger than that of the first. This increase in the 
value of the moment of inertia might indicate that the excited 4.24 Mev level 
is a single particle one. If the lowest state of the second rotational band 
(the 4.24 Mev level) is a single particle one, then one can explain the K = 2+ 
value for this band by means of Nilsson's scheme. 

Identification of the higher excited levels of Mg24 as rotational levels 
is, therefore, consistent with the deduction from the unified model that the 
Mg24 nucleus has an axially symmetric equilibrium shape. 
| *The level at 5.5-5.9 Mev, mentioned by Fisher16 and Fulbright & Bushl9, 
cannot as yet be reliably attributed to Mg24 inasmuch as the proton scattering 
experiments in question were carried out on a natural mixture of Mg isotopes. 

**Excessively high probability of Bt-decay of A124 to the ~8.4 Mev level 
of Mg24 is, however, inexplicable. 
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INVESTIGATION OF THE (q,n) REACTION ON OXYGEN 
- I.A.Serdiukova, A. G. Khabakhpasheyv & E.M.Tsenter 


Natural oxygen consists of the three isotopes 016, 017 ang 018 whose 
relative abundances are 99.759, 0.037 and 0.204%. The (Q,n) reactions on 
these isotopes have the following Q-values: -12.1 Mev on 016 +0.52 Mev on 
piveand -0.7 Mev on 018, 

Thus with all known Q-emitters, the (Q,n) reaction Can proceed Only on 
the isotopes 017 ang 018. 

The neutron yield from the bombardment of natural oxygen with Q-particles 
shows that at least one of these isotopes has a large cross section for the 
(Q,n) reaction. It does not necessarily follow, however, from the published 
datal,2 on the 018 (@,n) Ne2l reaction that 018 is the isotope with the large 
cross section, 


sOUrec 


c 


a) 
Cote oe 
' 

——~— ™ 


ld per 
ric. 


1 ic 


utron 3 
millicy 


ey eer ee Y-radiation accompanying this reaction. 
itions we PE EO as| Yield, In order to determine the 018 concentra- 
? ft dan, 2 
| | 1957, per see ; 
‘ o* } om milli- | pared four similar sources consisting of a 
“P2898 _ __{curic solution of polonium in 2N nitric acid with 
fees ee isotopes (see table). 
measured in a paraffin plate on a BF 3-filled 
proportional counter. The absolute yield of 
by comparison with a Pu-Be standard. 
The variation of the neutron yield as a 
Fig.l. It will be seen that the neutron yield 
is directly proportional to the 018 concentra- 
(Q,n) reaction occurs principally on 018, on 
the basis of the observed variations and the 


Amount 
neutrons tion dependence of the neutron yield, we pre- 
|} 29 | 325 different concentrations of the heavy oxygen 
} 

126 O80 The relative yields of the sources were 
source No.3 was determined with a long counter 
function of the 018 concentration is shown in 
tion, from which it may be concluded that the 
data on the ol7 concentration, we estimate that 
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“ the upper bound of cross section for the (a,n) 
Fig.l. Neutron yield as a reaction on O17 igs ~10% of the cross section 
function of the 018 concen- for the reaction on 018, 
tration in the source. The neutron yield for the case of a "thick 


target" of pure 018 can be calculated from the 
neutron yield measurements, the known 018 concentration in source No.3 and the 
relative shee Sue powers of H, N and O. Computation gives a value of 31 neu- 
trons per 10° Q-particles from polonium. 

Comparing this result with the yield from other elements’, we note that 
the cross section for the (@,n) reaction on 018 is second only to the cross 
section for the reaction on beryllium (50-80 neutrons per 106 Q-particles). 

The y-radiation accompanying the 018 (q,n) Ne2! reaction was investigated 
on an automatic scintillation spectrometer with an Nal crystal. Inasmuch as 
in the case of source No.3 the Po yielded almost 3 y-rays per emitted neutron, 
for detecting the y-radiation accompanying the reaction we compared the spec- 
tra of sources Nos.3 & 4. The neutrdn emission from source No.4 can be neglect- 
ed; hence after making the appropriate correction for the amount of Po in the 
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Fig.2. y-Ray spectra of 
sources Nos.3 (0 8 concen- 
tration - 19.8%) and 4 (018 
concentration - 0.204%). 
a) source No.3, b) source 
No.4, c) difference. 


Nal Stilbene 


Fig.3. Block diagram of set- 

up for recording 7y-radiations 
coinciding with the neutrons: 
1) cathode follower, 2) ampli- 
fier, 3) gating circuit, 4) ex- 
pander, 5) 5-channel analyzer, 
6) coincidence circuit, 7) de- 
lay line, 8) source; FEU-S & 
FEU-19 - photomultipliers. 
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Fig.4. a) spectrum of y-rays co- 


inciding with neutrons (source 


No.3); b) spectrum recorded with 


lead shield between source and 
stilbene crystal. At rignt.— 
660 kev line of Csl!37 used for 
calibration. 
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source and subtracting one spectrum from the 
other, we obtained the spectrum of the y- 
radiation actually accompanying the 018 (q,n) 
Ne21 reaction. The three spectra are shown 

in Fig.2. In the figure one can readily dis- 
cern the 360 kev y-line which is associated 
with de-excitation of the first excited level 
of Ne21 (Ref.4). Evaluation of the intensity 
of this line yields 0.3+0.1 y-rays per neutron. 

The spectrum of the No.3 source has, in 
addition, a rather long tail, which could be 
due to y-rays of more than 800 kev energy 
and/or neutron capture by the iodine. The 
level energy diagram for Ne21 shows that 
there may occur y-transitions of 1.73 and 
2.84 Mev energy as well as cascade transitions. 
Evaluation of the upper bounds for the intensi- 
ty of these transitions, carried out with 
reference to the tail in the spectrum of 
source No.3, yielded a value of 0.14 y-rays 
per neutron; of these no more than 0.03 can 
be attributed to the transition from the 2.84 
Mev level. 

The y-radiation accompanying the (Q,n) 
reaction was also investigated in coincidence 
with neutrons. The block diagram of the set- 
up employed for this purpose is shown in Fig.3. 
The neutrons were detected by a stilbene ene 
tal. The neutron pulses were delayed 7-107 
sec and fed to the coincidence circuit which 
had a resolving time of 5:10-8 sec. The delay 
time was selected experimentally. To check 
the operation of the counters we recorded 
pulses in all three channels. Source No.3 
gave 50 coincidences per min. The number of 
chance coincidences was 2 per min. 

The y-spectrum recorded on this set-up is 
shown in Fig.4(curve a). In the same fig- 
ure we show the spectrum of Cs!37 (660 Mev 
line) recorded for calibration purposes. 
Here again the 360 kev line is clearly dis- 
cernible. In order to prove that this peak 
is due to neutrons and that scattered 7- 
radiation makes no significant contribution 
to it, the stilbene crystal was shielded 
with 15 mm lead. The spectrum recorded 
with this shielding is shown in the same 
figure (curve b). Next the analyzer was 
adjusted for detecting the 1.73 and 1.38 
Mev y-rays, but these lines were too weak 
to be observed. Evaluation of the upper . 
bounds for the intensity of these lines 
from the results of measurement on this set- 
up yielded values of 0.04 and 0.03 7y-rays 
per neutron, respectively. 
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4 Conclusions 
. a SE 


AS a result of the investigation, 
tron yield from Q-bombarded oxygen targ 
tope, namely, 018. fhe cross section f 


decays to the ground (70%) and first excited 
ition probability to the second and third 
12 The energy of the first excited level is 
i 360+10 kev. 
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- PROCEDURE FOR MEASURING THE ACTIVITY OF NUCLEI UNDERGOING K-CAPTURE 
, - M.Ia.Kuznetsova & V.N.Mekhedov 


In the present report we shall describe the technique for detection of 
isotopes undergoing K-capture developed in our laboratory for the purposes of 
radiochemical investigation.1,2 As is known, the predominant part of the prod- 
ucts of interaction of nuclei with particles having energies in the hundred Mev 
range is comprised of neutron-deficient isotopes. In the case of medium and 
“heavy elements such isotopes disintegrate for the most part by K-capture. 
Hence for investigating fission of such nuclei induced by fast particles one 
must have means for determining the absolute number of K-capture events. In 
view of the specific character of isotope formation at high particle energies 
and the nature of the K-capture process itself, the detecting-recording pro- 
-éedure in order to be useful must meet a number of specific requirements, 
“mamely, a) the procedure must insure reliable detection of weakly penetrating 
and weakly ionizing radiation (10-100 kev), b) the detecting efficiency must 
‘be sufficiently high and insofar as possible the same for different initial 
elements, b) in addition to x-rays or Auger electrons, the equipment must re- 
cord competing positron and negatron emissions as well as the accompanying 
_y-rays (preferably separating out the 0.1-3 Mev range), and c) the procedure 
‘must provide for the possibility of checking the correlation between the re- 
corded radiation and the K-capture in the investigated elements. 

In developing our equipment and procedure, of the two forms of radiation 
_ emitted in K-capture - Auger electrons and x-rays - we deemed it preferable 
to detect the latter and by way of detecting device, chose a Geiger counter. 
The detecting unit consists of an electromagnet and two end-window counters. 
Por the sake of brevity we shall refer to this unit as the magnetic analyzer. 


' Below we shall describe the latest improved version of the equipment which 
is diagramed in Fig.1. 
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Fig.l. Diagram of magnetic analyzer (M 1:1): 1) target, 2) glass, 
3) mica 3.5 mg/cm2, 4) krypton counter, 5) small counter, 6) molyb- 
denum filament 0.05 mm in diameter; a - lead, b - copper, © — plexi- 


glass. 
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The electromagnet with 60 x 60 mm pole 


Capable of producing a magnetic field of up 
end 


pieces and a Sap of 25 mm is 

to ~2000 oersteds. The large 
general radiation as well as the 
field applied. This counter is 


pressure of 100 mm Hg. Generally the deca 
followed separately. 

The observed activities of the cor 
absorption in air, mica and the nonsen 
of the sample was not, as a rule, take 
of the sources used (10-20 mg/cm2) , 
determining the number of K-capture 
quanta. 

1. Correction for self-absor 
of the attenuation factor UL 
given composition of the tar 
absorption coefficients. 

2. Correction for x-ray absorption in air and the counter window. 
elements close to silver and heavier than it, 


for the most part was disregarded. 
ments. 


puscular radiations were corrected for 
sitive part of the counter. Absorption 
n into account in view of the thinness 
The following corrections were made in 
events from the recorded number of x-ray 


ption of the x-rays in the Sample. The value 
(absorption coefficient) was calculated for the 
get on the basis of tabular values3,4 of the atomic 


For 
this correction was small and 
It was taken into account for light ele- 


3. Correction for absorption in the nonsensitive volume of the counter. 
The noneffective or nonsensitive volume was assumed to be the layer of gas 
8-12 mm thick between the window and the beginning of the active part of the 
filament. 

4. Correction for recording efficiency. The efficiency of the krypton 
counter was calculated from the absorption in the sensitive volume of x-rays 
of different wavelengths, the absorption coefficients for krypton being taken 
from the work of Compton & Allison3. It should be noted that the collimating 
lead shields prevent the x-rays from striking the cylinder walls of the 
counter. This simplifies calculation of the efficiency inasmuch as it may 
be assumed that all the x-ray photons follow the same path and are abearbed 
only by the krypton. The value of the absorption coefficient near the jump 
(K-edge) was found to be extrapolation of the Uu vs Z curve. The minimal 
value of u was taken for the characteristic radiation of Sr (0.88 ie The 
curve characterizing the calculated x-ray detecting efficiency is shown in 
Fig.2 together with the curve for the variation of the correction for absorp- 
tion in the nonsensitive volume as a function of Z. 

5. Correction for the fluorescence yield. This correction takes into 
account the fraction of x-rays not emerging from the atom due to the Auger 

5 
as a uncertainty of determining all the above enumerated corrections a 
evaluated to be 20% for the light elements and attains 30% for elements het 
Z>40. The fact that we did not have to deal with any isotopes with ener y 
converting y-radiation allowed us to‘*dispense with the correction for e 
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admixture of x-rays due to conversion 
of gammas. 

The utilized procedure for dis- 
criminating the electromagnetic radi- 
ation involves the danger of errors 
due to mistakenly counting soft y- 
rays aS x-rays. In order to preclude 
this possibility we made it mandatory 
to obtain the absorption curve of the 
electromagnetic radiation in aluminun. 
Resolution of this absorption curve 
made it possible to bring out and ex- 
Fig.2. Curves characterizing the vari- clude the admixture of soft y-radia- 
ation of the detecting efficiency (I) tion and to determine the energy of 


and the correction for absorption in the x-rays from the magnitude of the 
the nonsensitive volume of the counter absorption coefficient. The observed 
(II) for different proton numbers. wavelengths agreed with the tabular 


wavelength of the characteristic radi- 
ation in each case within the limits of the experimental error. It must be 
noted, however, that this method of identification does not allow of distinguish- 
ing between hard x-rays and soft y-quanta in the case of small differences in 
wavelength. 
In cases of low and moderate radiation in- 


a Y tensities, we employed the method of identifying 
y x-rays from the jump in the absorption coefficient 
(the differential absorption technique). To this 

# end we carried out measurements of the absorption 


of the electromagnetic radiation in absorbers of 
a number of neighboring elements. The metals 
were taken in the form of foils; the other ele- 
ments were taken in the form of finely ground 
powders mixed with beryllium oxide. The powders 
were placed into plexiglass containers. The ab- 
sorption effect due to the container and beryl- 
lium oxide was determined by separate measure- 
ments. We calculated the mass attenuation factor 
u for each element and plotted a curve for ut vs 
Z. The identification of the x-rays as belonging 
to one or another element was made by comparing 
the experimental curve with the curve plotted 
from the tabular data. For example, in the case 
of K-capture in iodine we have the characteristic 
sharp increase in y in going from an indium to 

a cadmium absorber3,4 illustrated in Fig.3. 
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Fig.3. Values of the mass The effective solid angle of our magnetic 
absorption coefficient for analyzer is 0.01. In cases where it. was impos- 
125 x-rays in different sible to obtain activities sufficiently high 

elements. for the analyzer, the radiation from the target 


was measured by means of a small krypton counter. 
This counter had a mica window and was filled with a mixture of krypton and 
ether to a pressure of 40 mm Hg. It was "calibrated" with reference to pure 
emitters (Pb193 and t125) , measured beforehand on the magnetic analyzer. 
Quantitative data were obtained for isotopes decaying only by K-capture. 
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K-capture data 
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Use of the described procedure made it possible to define the K-capture 
branch intensity values for a number of isotopes and to establish the pres- 
ence of K-capture in a number of cases where it had not been previously de- 
tected. Our most recent data are summarized in the accompanying table; some 
of the results have been published earlierl,2, In addition, we list in the 
table the expected theoretical values and the corresponding data in the litera- 
ture. 

The theoretical values for some of the isotopes have been taken from the 
work of Dzhelepov & Kudriavtseva®. For the other nuclei they have been calcu- 
lated according to the formulas given by these authors (in the case of 2 compli- 
cated B-spectra, we used weighted mean energy values). In columns 3 & 4 we 
list the measured and expected (tabular)% x-ray wavelengths. The fact that 
our experimental data agree closely with the tabular values shows that our 
detecting efficiency curve was correctly calculated and that the correction 
enumerated above were properly evaluated. 

As may be seen from the table, our experimental values for the fraction 
of K-capture agree within the limits of the experimental error with the theo- 
retical values, except for the isotopes I121, 1124, sr83 and Ga®®. The fact 
that the experimental value was higher than the theoretical one for the last 
three isotopes is not surprising and can be explained by the considerations 
set forth by Dzhelepov & Kudriavtseva®. The high theoretical value for 1121 
apparently indicates that the equations of Ref.6 are not applicable in this 
case. 

By means of the described equipment we also detected among the fission 
products of different nuclei about 20 radioactive isotopes disintegrating only 
by orbital electron capture. For some of them the branching ratios have not 
been determined, while others have never previously been observed. 

Thus the described procedure appears to be fully suitable for work in 2 
wide range of elements up to the rare earths. It fully satisfies the require- 
ments listed above and is competitive with other techniques for absolute 


determination of the number of K-capture events. 
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It is superior to other 


procedures as regards simplicity of the equipment and reliability of identi- 


fication of the radiations. Detection of x-rays by means of proportional or 
scintillation counters involves the use of a considerable amount of compli- 
cated and expensive associated electronic equipment. 

One shortcoming of the procedure, namely, the small solid acceptance 
angle of the analyzer, can possibly be eliminated with further improvement 
of the apparatus. The other shortcoming - the fact that one cannot distinguish 
between soft y-quanta and x-rays of close energies - is common to other tech- | 
niques. This shortcoming, however, is not a very serious one. Cases of emis- 
sion of soft y-rays are not very frequent, while cases of x- and Y-rays with 
close energies are even rarer. 

In conclusion, it may be noted that although the described equipment was 
not developed for work with heavy elements, it may not be useless in this re- 
gion. Here the low efficiency as regards detection of K radiation will, to 
some extent, be compensated for by the almost 100% efficiency in detection of 
L radiation. It will be recalled that beginning with approximately Hf (Z = 72 
and higher) the wavelength of the x-rays emitted upon filling of the L shell 
is about the same as the wavelength of the K radiation from light elements. 
Hence equipment of this type can be used for detecting orbital electron cap- 
ture in heavy nuclei as well, although admittedly, with appreciably lower ef- 
ficiency in view of the fact that the intensity of L-radiation is four times 
lower than that of K radiation. 
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CHARACTERISTICS oF THE JUMPS IN THE EQUILIBRIUM SHAPE OF NUCLEI 


Nuclei with A = 150 to 190 have an elli 
equilibrium Shape depends on the filling of 
quently, on the number of neutrons and proto 


collective level, the Co 
electric Y¥-transitions, 
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Fig.l. Diagrams of the 

lower collective levels of 
nuclei with 88 and 90 neu- 
trons: B - reduced probabili- 
ty of Coulomb excitation. 


- L.K.Peker 


he probability of 


quadrupole moments and isotope shifts2,4 CB ey 


No such anomaly in the variation of the 
nuclear properties is observed in nuclei with 
other neutron numbers. Consequently, diffi- 
culties have been encountered in attempts to 
establish the dependence of the equilibrium 
shape on Z (in nuclei with A = 150) or on Z 
and N (in nuclei with A = 190) and, in fact, 
the values of Z and N at which the deformation 
occurs have not yet been precisely established. 

The purpose of the present article is to 
Clarify the role of protons and neutrons sepa- 
rately in the process of the transformation of 
the equilibrium shape and to establish the 
values of N and Z at which the transformation 
occurs. 

With a view to determining the boundaries 
of the region of deformed nuclei let us recall 
that the principal indication of a given equili- 
brium shape is the character of the excited 
levels (collective and Single particle). In 
ellipsoidal nuclei the low-lying collective 
levels are always rotational ones, while the 
Single particle levels in nuclei with odd A are 
described by Nilsson's4 scheme for an axially 
Symmetric potential. In contrast, in spherical 
nuclei the low-lying collective levels in most 
cases are vibrational (except for nuclei with 
a closed shell), while the Single particle levels 

must be described in the framework of Mayer's 
scheme for a spherically symmetric potential. 
Rotational levels in such nuclei cannot be ex- 
cited. Hence hereinafter we shall judge of 
the equilibrium shape of the nucleus exclusively 
on the basis of the character of the ground and 
excited states. Let us examine the variation 
of the equilibrium shape in the vicinity of 
nuclei with A = 150. We have already noted that 
the influence of neutrons here is very strong. 
In nuclei wherein the equilibrium shape is 
determined by the neutrons (N < 88 and N > 90) 


« 
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the influence of protons is almost unnoticeable. Fig.2 shows the variation of 


‘the nuclear potential with the deformation parameter B = AR/R. Nuclei with 


Z = 60, 62 and 64 may be either spherical (Nd148, sml150, Gq152) or ellipsoidal 


— (Nd150, sm152, Gql54), 


In order to detect the influence of protons one must select conditions in 


‘which the nucleus under the influence of neutrons alone would be in a state of 


“indifferent” equilibrium, characterized by curve III of Fig.2. One may hypo- 


‘thesize that in such nuclei the stability of the equilibrium shape will be 


determined by the protons. These conditions are satisfied by nuclei with N = 
= 89: Nd149, Pm150, gm150, Eul52, Gal53 and Tb154. Analysis of odd-odd nuclei 
is at present hindered by the presence of two unpaired nucleons (except for 
Eul52 - Ref.5), in view of which we shall herein consider only nuclei with odd 
A. Excited levels of Nd!49 and Gd153 have as yet not been observed and the 
available experimental data® on the y-transitions in Sm151 are inadequate for 


- constructing a more or less complete energy level diagram. From analysis of 
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the decay schemes given by Davis et al® one can, however, evaluate the spins 
and parities of their ground state: for Ndl49 and Sm15] we find 9/2 (7/2-), 
while for Gdl53 we obtain 3/2t. Comparing these assignments with the level 
schemes of Mayer and Nilsson, we find that in the first two cases the ground 
states are described in Mayer's scheme as hog/. (or fa/2 ),while the ground state 
of Gdl53 is described only by Nilsson's scheme. Hence it may be assumed that 
the change in the equilibrium shape of the nucleus under the influence of pro- 
tons occurs in going from nuclei with Z = 62 to nuclei with Z = 64. The 
nucleus with Z = 63 and N = 89 (Eul52) is in the state of "indifferent'’ equi- 
librium as regards both the number of neutrons and the number of protons. 


&,+ Mev 
Qe 


Qs 


106 10) NG W8 oN 


Fig.2 Fig.3 
Fig.2. Variation of the potential energy of the nucleus with the de- 
formation parameter. Curves I-V schematically illustrate the be- 
havior of the energy surface as we go further from a closed shell. 


Fig.3. Variation of the energy of the first level of even-even nuclei 
(2+) with the number of neutrons (A 190). The dash-line separates 
the region with rotational from the region with vibrational structure 
of the lower excited levels. Its slope indicates the dependence of 
the equilibrium shape on the number of protons in the nucleus. 


Let us now turn to nuclei with A 190 in which we observe the reverse 
i i i herical shape. 
transition, i.e., from the ellipsoidal to the sph - 
In these nuclei the equilibrium shape can be determined from the marie 
ter of the excited levels inasmuch as here such attributes as the energy © . 
the first collective level (Fig.3), the Coulomb excitation cross section, etc. 
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vary relatively Slowly and gradually, i.e., 
eens exhibit no noticeable discontinuities. The 
Jump in going from zZ = 76 (Os) to Z = 78 
(Piyois appreciably sharper than going from 
N= 114 (05190) to N = 116 (08192). The 
available experimental data on the spectra 
of even-even nuclei are inadequate for 
precise determination of the boundary val- 
ues of N and Z. We know only that in pt1l92 
the low-lying levels are vibrational. 

A large number of y-transitions has 
been observed in 0s190 and 0s192, geveral 
different decay schemes for each isotope 
can be constructed on the basis of the 
experimental data; in particular, for 0s190 
one can construct a scheme comprising a 
System of rotation levels, while for 0s1l92 
Fig.4. Level scheme for Irl91 one can lay out a system of vibrational 
and Osl91, levels. Only the first levels (2+) of 05186 
and Osl188 are known. The second 4+ levels 
with energy values that would allow of 
proving the existence of a rotational band 


A 


Oe) 


Q4 have not yet been observed in these nuclei. 
In view of these difficulties we cannot 
Qs draw any definitive deductions regarding 


the boundaries of the region of deformed 
nuclei. We can only assume that the trans- 
formation of the equilibrium shape apparent- 
ly occurs at Z = 76 to 78 and N = 114 to 116. 
For a more precise determination of the 
62 a Sy 3 Gee M boundary values of Z and N let us turn to 
data on nuclei with odd A, namely, Osl91 
Fig.5. Variation of the deforma- and Irl91l (Ref.7); these are shown in Fig. 4. 
tion parameter 8 with the number’ The multipolarity of the isomeric transi- 


G2 


ol 


of neutrons or protons in the tions in both nuclei and the character of 
nucleus (A = 132 to 208). In the B™-decay of Os191 uniquely determine 
nuclei with N< 88, N>116, the spin and parity values indicated in the 


Z < 60 and Z > 78, the parameter figure. It will readily be seen that the 
B = 0. Nuclei with N = 89, 114 levels of Os!91 are described only by Nils- 
or 115 and Z = 60-64 or Z = 76-77 son's scheme; consequently, this nucleus 
may have B~O or 8B =0.2. _ has the ellipsoidal equilibrium shape. At- 

tempts to apply Nilsson's scheme to the 
lower levels of Ir1!91 are vain inasmuch as this scheme does not correctly de- 
scribe the 129 kev level with 5/2+. It has been suggested that the 129 kev 
level is a rotational one and, consequently, cannot be described by Nilsson's 
scheme. In this case, however, with Coulomb excitation there should be ob- 
served a second rotational level at 310 kev (7/2+). Experiment shows that 
there is no such level in Irl91, but that a level with an appreciably higher 
energy (350 kev) is excited. 

Since rotational levels cannot be excited in Ir191, this nucleus must be 
spherical. This deduction is substantiated by the fact that all the lower 
levels of Ir!9l can be described in the framework of Mayer's scheme as single 
particle levels with the configurations s4/2, d5/2, A14/. and g,/.-From the above 
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_considerations regarding the equilibrium shape of Os191 and Ir1!9! and the 


data for even-even nuclei, one can evaluate the precise values of N and Z 

at which transformation from the ellipsoidal to the spherical shape occurs: 

Z = 76-78 and N = 114-116. It will readily be noted that in contrast to 
nuclei with A ~150, in the case of nuclei with A +190 the influence of pro- 
tons on the equilibrium shape is comparable to that of neutrons and may even 
be somewhat stronger. For example, it is sufficient to add one proton to 
0sl99 (i.e., go to Irl91) for the equilibrium shape to change, whereas the 
addition of one neutron (i.e., going to Osl9l) does not alter the shape. 

The weak dependence of the equilibrium form on Z in the beginning of the re- 
gion of deformed nuclei and its appreciably stronger influence at the end of 
the region are, apparently, connected with the shell nature of the nuclear 
structure. Although in going through the boundary values of N and Z the de- 
formation parameter B * AR/R goes to zero (Fig.5), the deforming effect of 
the protons and neutrons (proportional to their number outside the closed 
shell) changes very little. From this it follows that with filling of the 
shells by protors and neutrons, collective nuclear characteristics such as 
the energy of the first collective 2+ level, the Coulomb excitation cross 
section, etc. (with the exception of the structure of the levels) should 
change slowly and gradually without exhibiting noticeable jumps even when 
the equilibrium shape alters. This is precisely the behavior of nuclei with 
A =190, wherein at the point of the alteration of the equilibrium shape, the 
proton and neutron shells are relatively far from being closed (Z = 76-78 and 
N = 114-116). 

The change in the equilibrium shape in the case of nuclei with A> 150 
occurs under different conditions. The ‘distinguishing feature of these nu- 
clei is that in them the protons almost completely fill the g,,, and dsj, 
levels, which constitute a distinct Z = 64 subshell, and, consequently, make 
almost no contribution to polarization of the nucleus. The neutrons, on the 
other hand, begin to fill a new shell and their deforming effect, which at 
N = 84 and N = 86 is still very weak, is rapidly strengthened with further in- 
crease in number. This leads directly to a rapid change in such collective 
properties as the energy of the first 2+ level, the Coulomb excitation cross 
section, the quadrupole moments, etc. This change in going from N = 88 to 
N = 90 is so great that we perceive it as a sharp jump pertaining to the trans- 
formation of the equilibrium nuclear shape. 

I wish to express my gratitude to L.A.Sliv and B.S.Dzhelepov for detailed 


discussion of the work. 
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SPINS AND PARITIES OF DEFORMED ODD-ODD NUCLEI 
- L.K. Peker 


number () (the component of the nucleon' 


S total momentum along the nuclear 
symmetry axis). In Odd-A nuclei the tot 


In odd-odd deformed nuclei, 


where there are two unpaired nucleons, the 
total angular momentum of the nuc 


leus is given by the expressionl 


At present, one cannot indicate beforehand wha 
State, but it is known that there exist in the 
- To determine I one must first find Q, sand © 
cannot utilize Nilsson's scheme2 for this purpose, inasmuch as for each speci- 
fic Z and N this scheme gives two or even three pos 
indeterminacy as regards () would lead to an even g 
culating the spins Ij and Ig of odd-odd nuclei. 

In order to circumvent this difficulty, let us assume that the neutron 
and proton orbits in deformed nuclei are filled independently, so that the ad- 
dition of one or more neutrons does not change the state of the protons and 
vice versa (provided the deformation parameters of the nuclei in question are 
approximately equal). The nucleonic orbits in odd-odd nuclei Wilden this 
case, be filled in the same sequence as the orbits of neighboring nuclei with 
odd A. 

We note that this hypothesis is admittedly not valid near the boundary of 
the region of deformed nuclei, where the addition of even one nucleon results 
in an appreciable change of the deformation and, consequently, a change in the 
order of filling of the nucleonic levels. 


Table 1 
Experimental values of the spins and parities of odd A nuclei3,4 
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| Table 2 
Spins and parities of deformed odd-odd nuclei®,7 


a ea ee meee 


I 


Nucleus Qpy Qn I=|Qp+Qnl | ( End (excited 
state state) 
Natt 3/2+ 3/2+ 3+ OF 3+ 
uiNazs 3/2+ 5/2+ 4+ 1+ 4t 4+ 
Ali} 5/2 3/2* et (4+) 
aA]; 5/2+ 5/2+ St —_F 5+ 0+ 
csEuge- (S/2-) 3- 0- 
caEugt! oes 3/2. (4 (0 3 bcs 
esEugs? 5/2+ Sine 4- 1- (4-) 
asTh,” 3/2+ 3/2- 3- 0- (3) I—Ie=3 
os Thyp 3/2+ 5/2- ss See 4- 
erllogg’ 72 3/2> 5+ 2+ (5) h—I>3 
ertlogs V2 5/2- 6+ 4+ = i+ 
eH Rie 7/2+ OES i 0- >6 
coTUgy? 4/2+ 5/2- 3 ae (3) 
coTUy iy 4/2+ Wee 1 0- {= 
hue 4/2+ 572- 3- 2- (2) 
tilts ajar 7/27 ae 0- (=7-) 4 (0)- 
ngTajce wet 9/2+ 8t i+ >6 fo ot 
me bOies eo 7 2t Us 4- She ope 6,7, (4,3) 
~alaiee 7/2+ ata a ee (2-) 
“here 5/2 3/2 4- {- 1 
-she!SS 5/2 Sz 4- 1- 12 4 
aslte!? 5/2+ 9)2- Ui os: (>5) 
airi? 3/2+ 3/2- 37 Op 37 
oe 3/2+ 3/2- So) 40 (3) =8* 
alr? 3/2+ 9/2- 65 inte 4, 5 7, 8** 
ooAcees 3/2+ ee 4- ‘s 119-5 
shee 3/2* DY a 4- a= ale 
91Pay7 3/2- (5/2*) 4- 15 17(2>) 
1Pa2" 312 5j2- 4+ 1+ i+ 
sPari | 3/2> ae sree fie $+ 
oPay,s | 3/2- 7/2- ot 2° (9) i>, 2a 
api | 5/2 U2 i ae (ae 2 
eaNped 5/2+ 4/2* 3+ 2+ 3+ 
Np | | 5/2 5/2+ 5+ Ot ji ee ee 
esAm?2 h- Spas 542+ 5- s 5- 1,0- 


*The equilibrium shape of the 9.2-hour isomeric state of Eul52 may be 
spherical. 4 
**kTr192 is a spherical nucleus; the spins of its ground and isomeric 
states should therefore not be described by Eq. (1). 
***The 1- level of Pa234 may be formed incident to transition of a neutron 
to the first level with ©, = 1/2+ (in U235 the ground state is 7/2- and the 
~3 kev level is 1/2-). In this case, I = |(3/2) + (1/2)] = 2 orl.” 
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‘Tabular values of (©), and ( 


Bearing this limitation in 
“ mind, let us attempt to find Ij 


— ~~ | ¥ eee and Ig, using for 0, and Q, the 


experimentally determined spins 


aan 22 Sas 2A of deformed nuclei with odd-A in 
| the A = 24, A = 150 to 190 and 
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A > 222 regions (Table 1). In 
Table 2 the theoretically calcula- 
ted values of Ij and Ip» are com- 
pared with the experimental data 
on the spins and parities of the 
ground states of odd-odd nuclei 
found from analysis of the cor- 
responding decay schemes. As may 


be seen from the table, there 
is a serious discrepancy in the 


case of Eul54 and Irl92. 
difficult to explain the anomalous value (3) 


Table 4 


At present, it is 


Spins and parities of odd-A of the spin for Eul54; it should be noted how- 


nuclei (A = 150 to 190) 
obtained from analysis 
of the decay schemes? 
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ever that this nucleus lies right at the bound- 
ary of the region of deformed nuclei and that 
the sequence of filling of the nucleonic orbits 
in it may be different from that in neighboring 
nuclei. This effect is particularly clearly 

discernible in Eul52 where ©, is, apparently, 
equal to 3/2+ (Ref.16) and not to 5/2+ as in 


It will also be seen from the table that 
Eq.(1) does not describe the spin of the Ir192 
This divergence can readily be 
understood, for nuclei with A = 192 are spheri- 
cal and, consequently, this formula is not ap- 
plicable to them. 
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The good agreement of the other experi- 
mental and theoretical spin and parity values 
supports our hypothesis that the neutron and 
proton orbits are filled independently of each 
other and that the sequence of filling of the 
nucleonic orbits in neighboring nuclei (with 
close deformation parameters) is the same. 

This allows us to select the values of 
Q, and Q, on the basis of the experimentally 
measured spins of odd-A nuclei and hereinafter 
we shall only use these tabular values (Table 
3). The possibility of unambiguous selection 


Q, is substantiated by spin and parity data obtained from analysis 
of the decay schemes for unstable odd-A nuclei. In all cases where these can 
be evaluated, the most probable experimental spin and parity values agree with 
our tabular values for {2 (Table 4). _ 
In the case of two nuclei, namely Np239 and Osi87 (Ref.10), the experi- 
mental spins (1/2 in each case) do not agree with the tabular values 5/2+ and 


As regards Np239, a number of authors have called atten- 


tion to the fact that the experimental value of 1/2 is not consistent alae 
the other properties of this nucleus. The character of the Q-decay of Am 
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)@ef.11), the B-decay of Np239 (Ref.12), the multipole orders of the y-transi- 

tions in Np239 and, particularly, the structure of the rotational levels are 
all in conflict with the 1/2 assignment and indicate 5/2. 

In Os187, formed by the decay of Irl87,there is apparently excited a level 
at 135 kev.13 Its energy is equal to the energy of the first rotational level 
of 0s187, computed on the assumption that the spin of the ground state of Os187 
is 3/2 and that the moment of inertia is equal to that of neighboring even- 

even nuclei. 

f It may therefore be assumed that the spins of Np239 and Os187 are not 
1/2 and 1/2 but actually 5/2+ and 3/2-, respectively, which fully agrees with 
the tabular values. 

In light of what has been said above it would appear desirable to review 
the decay schemes of certain heavy isotopes. By way of example, illustrating 
the desirability of such review, one might cite the decay schemes for Th231l 
and Th233, From the decay scheme in the literaturel4,15 it follows that the 
spin of Th231 is 7/2, while the tabular value of ‘(, for N = 141 is 5/2. As 

a matter of fact, recent datal6 on a-y directional correlation in Q-decay of 
235 appear to preclude the possibility of the 7/2 assignment. 

In the case of Th233, the tabular values of (2 for the initial and final 
nuclei require that the B-decay go only to the excited levels of PaZ33 | in- 

' asmuch as decay to the ground state is twice forbidden, while log ft = HES Is 

The intensity of the y-transitions reported by Wagner et al? is, however, in- 

consistent with this requirement. It is possible that there are intense 7- 

_ lines in the low-energy part of the spectrum that have not been detected be- 

cause they are masked by other forms of radiation. 

Let us turn to the question of thé spins and parities of the low-lying 
excited levels of deformed odd-odd nuclei. We have indicated above that in 
such nuclei there should be two classes of states: states with Ij = 2,+Q,| 

' and states with Ip = |Q2,—Q,/ . The energies of the Ij and Ig levels differ 

_ by an amount of the order of the rotational energy.1 Inasmuch as this energy 

> is usually less than the energy of excitation of single particle levels, we 
can expect that if the spin of the ground state is Ij, the first excited state 

y will have spin Ip9. In the last column of Table 2 we list the experimental data 

on the spins and parities of the first excited level (or of the first two ex- 


Becited levels for some nuclei). It will be seen that in most cases the values 
« 


ating these spins, there are indications that the ground and first excited 

states of deformed odd-odd nuclei are the components of a doublet with I = 
= |Q,+0,|. The condition AI = [Ij - Ig| 2 3 is almost always fulfilled in 
4 these nuclei and, consequently, isomeric states should frequently be encounter- 
ed among them. This qualitative inference is, of course, supported by the ex- 
af perimental data. It is known that isomeric states are more frequently en- 
countered in deformed odd-odd nuclei than in spherical nuclei.%s7 

In heavy nuclei, however, the density of the nucleonic levels is great 

and in some cases the separation between them is definitely less than the ro- 
tational energy. In particular, according to the data of Novikova et all7, 
the first single particle excited 1/2+ level of y235 is only 3 kev above the 
7/2- ground state. Hence in some nuclei we may expect to find between the 
doublet-component levels with spins Ij and Ig, one or two intermediate levels 
associated with excitation of one of the unpaired nucleons. This may explain 
the discrepancies appearing in the table between the theoretical and experi- 
mental values of the spin for the first excited level. The reason for this 
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divergence is particularly clearly evident in the case of Pa234 which has the 
same number of neutrons as y235 (Nize143). “In this nucleus the doublet with 
Spins 5+ ad 2+ is comprised by the ground state and the second excited level 
at 60 kev." The first excited level of Pa234 at 40 key (1-) may form upon 
excitation of the 143rqd neutron to the lowest Single particle level with 
{, = 1/2-. The spin of this level I = IQ, +-OQn| may be 2- or 1-, which agrees 
with the experimental value. 

In conclusion I feel it incumbent upon me to express my gratitude to K. 
Ia.Gromov, B.S.Dzhelepov & L.A. Sliv for discussion of the work. 
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AMPLITUDE AND TIME CHARACTERISTICS OF A NEW PHOTOMULTIPLIER 
- G.S.Vil'dgrube, A.P.Zharkov & E,D.Teterin 


Introduction 


It has hitherto been generally assumed that one cannot obtain short cur- 
rent pulse rise times in a "louvre type" photomultiplier. This assumption 
was based on investigations of the time characteristics of extant "louvre type” 


_ photomultipliers. 
a Analysis of the electron transit time straggling in the multiplying sys- 

tem of photomultipliers, however, leads to the following conclusions. The 

spread of transit times observed at the photomultiplier output is comprised 

of two components: 1) the straggling in the gap between the photocathode and 

the first dynode (hereinafter referred to as the "first stage") and 2) the 

- engteed in the remaining stages, i.e., in the rest of the multiplying sys- 

en. 

The first component is the most substantial and "nonreversible". It, to- 
gether with the uncertainty of the instant of appearance of the first or q-th 
photoelectron, from the photocathode, determines the spread in the initial in- 
stants of the pulses. This component of the time straggling cannot be reduced 
by “circuitry” modifications. 

The second component is “reversible” in the sense that, with sufficient 
amplification in the photomultiplier, one can utilize only the initial part 
of the leading edge of the pulse at the output for measurements (by means of 
appropriate circuitry). 

It is, of course, desirable that the transit time straggling be minimal 
in the multiplying system as well, but this requirement does not impose a 
rigid limitation on the possible time resolution. 

From the standpoint of transit time straggling in the first stage even 
the FEU-11 (FEU-12) photomultiplier tube is an entirely satisfactory system. 
Thus with a potential difference of only 400 v between the photocathode and 
the first dynode, the maximum spread of the transit times of photoelectrons 
from the 50 mm diameter cathode to the first dynode does not exceed 3-1079 
sec, according to the measurements of A.M.Bonch-Bruevich. 

However, the relatively long current pulse rise time in the multiplying 
_ system of the FEU-11 (FEU-12) does not allow of realizing (with the inadequate 
amplification of the multipliers) of a satisfactory time characteristic of 
the first stage of these tubes. Even for the FEU-11 (FEU-12) photomultipliers 
it was found that with increasing potential (up to 300 v per stage) the rise 
time of the output pulses decreases. This indicated that the secondary elec- 
tron collecting efficiency of the dynode stages in these tubes did not fall 
off with increasing potential but remained close to 100%. In view of this, 
in designing the new photomultiplier tubes it was deemed expedient to increase 
the electric field gradient between the stages and reduce the area of the dy- 
nodes with a view to reducing the time straggling. 


1. New design features of the photomultipliers 
a. NEW Cee ee ee 


The following modifications, as compared with the FEU-11, were introduced 
into the design of the new tubes. The width of the dynode "blades’ was reduced 
by a factor of 2 and the separation between the stages by a factor of 1.5. The 
photomultipliers are made with Bi-Ag-Cs and Cs-Sb photocathodes 20 and 50 mm 
in diameter. Reduction of the area of the emitting surfaces lowered (as com- 
pared with the FEU-11) the mean value of the current at the output (to 10 ma). 
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FEU-11 photomultiplier (1) and the new "louvre type’ miniaturized 
photomultipliers: with 50 mm diameter cathode (2) and 20 mm diameter 
cathode (3). At right, safety match box for comparison. 


All the other design characteristics of these multipliers are the same as those 
of the FEU-11.1 As regards stability of operation they are equal to the FEU-11l 
tube. The new tubes together with the FEU-11 are shown in the accompanying 
photograph. 
Although no special measurements of the maximum allowable current in pulse 
operation were made, it may be stated that a pulse current (pulse duration 
6-10-92 sec) of 0.15-0.2 amp can be maintained with no impairment as regards 


quality of operation of the photomultiplier. 
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2. Time characteristics 
ee teristics 


The shape of the current pulses at the output of the photomultiplier was 
investigated by the method of delayed self-coincidences. A plastic terphenyl- 
in-styrene scintillator was used in the measurements. The measurements showed 
that the current pulse rise time is (2-3) -10-9 sec for both the 20 and 50 mm 
diameter cathode tubes. Under conditions of actual coincidences the width of 
the recorded resolution curve was 3.5-1079 sec. This result gives reason to 
assume that the transit time straggling in the first stage is small. The 
operating voltages range from 2500 to 3000 v; no noticeable variation in the 
pulse front duration was observed in the investigated voltage range. The volt- 
age distribution among the stages was uniforn, except for the first stage where 
the potential difference was 1.5 times higher than in the other stages. 


3. Amplitude characteristics 


Modern experimental requirements often call for good time and amplitude 
characteristics to be combined in one and the same photomultiplier. In re- 
cording the 660 kev y-line of Csl37 the new photomultipliers give a relative 
line half-width of 10-11% with the photomultiplier viewing a standard NaI(T1) 
crystal. In "time regime" operation, the 8th or 9th dynode is used as the 
"amplitude" output. In conventional “amplitude regime" operation (1600-1800 
v) the noise level does not exceed 5.7 kev in the scale of the NaI(T1) crystal. 
As the voltage is increased to 2500-3000 v the noise level rises in proportion 
to the amplification. 


Conclusions 


The results of our measurements show that the described photomultipliers 
can be used for amplitude-time measurements. 

It should be noted that the possibilities of the "louvre" system of 
multiplication from the viewpoint of reduction of transit time straggling have 
not been exhausted: further reduction of straggling is feasible even through 
purely geometric modifications. It would also be desirable to increase the 
amplification of the photomultipliers to 108, 
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Translation Editor's Note 


The original of this issue of the Bulletin contains 
a report entitled "Magnetic Properties of Some Orthofer- 
rites and Cyanides at Low Temperatures" by R.M.Bozorth, 
H.J.Williams and Dorothy E.Walsh. Inasmuch as it has been 
published in Phys.Rev. 103, 572 (1956), we are omitting it 
from this issue of the Bulletin. We take this occasion to 
thank Dr.Bozorth for calling our attention to the Phys.Rev. 
publication. 


We again wish to acknowledge the kindness and coopera- 
tion of the several authors whose papers were presented in 
English at the Conference. We are deeply indebted to them 
for furnishing copies of their manuscripts and granting per- 
mission to print. 


The onus of any errors that may have crept into the 


reports in the process of editing and typing should, of 
course, be laid at the already sagging shoulders of 


Your editor, 
‘affen 


adhaltc 


White Plains, N.Y. 
October 1958 
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INFLUENCE OF THE STRUCTURAL CHARACTERISTICS OF FERROMAGNETS ON THE 
TEMPERATURE DEPENDENCE OF THE SPONTANEOUS MAGNETIZATION 


~ K.P.Belov and A.N.Goriaga 


Introduction 


Sucksmith! , Guilland? and Went? have reported significant differences be- 
tween the temperature variation of the spontaneous magnetization in alloys as 
compared with the variation in pure ferromagnetic metals. All these authors 
investigated the temperature dependence of the spontaneous magnetization in 
temperature intervals somewhat removed from the Curie point. The said differ- 
ences should, however, be particularly appreciable in the immediate vicinity 
of the Curie point, where the spontaneous magnetization is very sensitive both 
to external influences and to structural factors. 

We know of no systematic experimental data in the literature relative to 
the influence of structural factors on the temperature dependence of the spon- 
taneous magnetization in alloys near the Curie point. 

In the present report we give the results of experimental investigation 
and analysis of the true magnetization curves for a number of nickel alloys in 
the vicinity of the Curie point. We determined the temperature dependence of 
the spontaneous magnetization near the Curie point from these curves by the 
following two methods: 

1) The "lines of equal magnetization method" proposed by Weiss and Forrer. 
The procedure consists of plotting H(T).>-const curves for different values of 
the magnetization and then finding the spontaneous magnetization by extrapo- 
lating these curves to H = 0. This procedure yields approximately the same re- 
sults as that based on extrapolation of magnetocaloric effect curves. 

2) The so-called "method of thermodynamic coefficients'"4, which is based 
on reduction of the true magnetization curves by means of the thermodynamic 
equation 

as + Boi = 7 


where 0 = J/p is the specific magnetization (J is the magnetization and 
9 is the density) and Q and 6 are thermodynamic coefficients. 

From this equation, for H =.0, we obtain the following formula for calcu- 
lating the spontaneous magnetization at various temperatures near the Curie 
point 


pomar wii () 

Having the values of Q@ and 6 from experiment, we can calculate the tempera- 
ture dependence of o?. The thermodynamic coefficients method gives the tempera- 
ture variation of the magnetic long range order, and thereby makes it possible 
to determine correctly the actual temperature of the Curie point.5 

Comparison of the results obtained by means of the two methods makes it 
possible to bring out the basic characteristics of the behavior of ke spontane- 
ous magnetization near the Curie point, in particular, to determine residue 
or "tail" of the spontaneous magnetization.® 

In order to be able to compare the temperature dependences of the spontane- 
ous magnetization in different alloys, as well as in cae same SEN fs before 
and after heat treatment, we plotted all the curves in reduced (c5/29) 5 ; 
(T/Q) coordinates; where for o, we took the specific saturation magnetization 


of the alloys at the boiling point of heliun*. 
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Analysis of the spontaneous 


Lai : : . Lal 
magnetization curves, as determined both by the “lines of equal magnetization 
method and the "method of thermodynamic coefficients’, allowed us to check 
the familiar relation, ensuing from model and thermodynamic concepts -: 


GY =2(-4) @ 


Here the coefficient & characterizes the steepness of the (s,/c,)* vs T/@ curve 


at the approach to the Curie temperature. 
als have been discussed by Dorfman’ and Vonsovskii & Vlasov®. 


for pure met- 
In the present 


Recently, values of 


investigation we attempted to evaluate ¢ for some nickel alloys. 


1. Ni-Cu Alloys 


A series of nickel-copper alloys was prepared specifically for the investi- 


gation. 


ULE 


GO 


0 
GS4 O96 GI 


Fig.l. Variation of the 
square of the spontaneous 
magnetization with the 
temperature in "reduced" 
coordinates near the Curie 
point for Ni-Cu alloys an- 
nealed for 20 hours at 
100022. 1) 0% 2) 65%, 3) 
8%, 4) 15%, 5) 20% and 

6) 25% Cu. 


All the alloys were given a preliminary homogenizing heat treatment: 


annealed at 1000° for 20 hours. After this we re- 
corded the magnetization curves near the Curie 
point in fields from 300 to 2500 oersted (the 
measurement procedure has been described earlier’). 
Finally the temperature variation of the spontane- 
ous magnetization in the vicinity of the Curie 
point was determined by the two methods mentioned 
above from these curves. 

Fig.1 shows the variation of (c<,/c,)? with T/@ 
for the investigated Ni-Cu alloys and pure nickel. 
It will be seen that for pure nickel and alloys 
with a low copper content the curves are straight 
lines in accord with theory. In alloys with a 
high copper content, on the other hand, the vari- 
ation is nonlinear. Although the Ni-Cu alloys are 
ostensibly mutual solid solutions, a certain amount 
of liquation occurs in the process of solidifica- 
tion so that as a rule the distribution of copper 
atoms in the nickel matrix is not uniform. This 
inevitably leads to fluctuation of the exchange 
interaction over the volume of the sample; in conse- 
quence, the ferromagnetic transformation is smeared 
out, i.e., instead of a single Curie point the al- 
loy has a whole series of slightly different Curie 
points. Obviously, the variation of (c,/co)? with 
T/@ in this case will be nonlinear. 


Prolonged annealing, leading to equalization of the concentrations through- 
out the sample and, consequently, to smoothing out of the exchange interaction 
fluctuations should also "normalize" the magnetic characteristics, i.e., should 


make them similar to the characteristics of pure metals. 


Such "normalization" 


was already partially realized in the investigated alloys by the preliminary 


homogenizing annealing**, 


The curves of Fig.2 show how the coefficient Betor 


*Measurements of the saturation magnetization of the alloys at helium 
temperatures were carried out by A.V.Ped'ko in the cryostat of the Low Tempera- 
ture Laboratory of Moscow State University with the kind permission of A. I. 
Shal'nikov; we take this occasion to thank them. 


**Appreciably longer annealing is necessary for complete "normalization". 
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Fig.2. Temperature 
dependence of the coef- 
ficient B for the 80% + 
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100 Vf 


annealing at 1000° 

for different lengths 
Ofstames) 1) 20',2)* 20, 
3) 30 and 4) 40 hours. 


Fig.3. Same as Fig.1 
but after annealing 
for 90 hours. 
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the 80% Ni + 20% Cu alloy varies with the annealing 
time; with a sufficient increase in annealing time 
the curves begin to exhibit the minimum character- 
istic of homogeneous ferromagnets, for example, 
pure nickel (see Ref.4). 


Fig.3 shows the vari- 
ation of (c,/co)? with T/@ 
for alloys annealed for 
90 hours. It will be seen 
that all the curves are 
appreciably more recti- 
linear (compare with Fig. 
1). The observed devia- 
tion from linearity for 
the 75% Ni + 25% Cu alloy 
apparently indicates that 
even the 90 hour anneal 
is still not sufficient 
in the case of this alloy 
for complete equalization 

of the concentra- 
tions. It should 
also be noted that 
the "tail" of the 
spontaneous mag- 
netization deter- 


mined for these 

/ / “ aaTCys by the 

2 method of lines 
RTO TA Of -equal maenew i Ze 
ation is shortened 
with increasing 
annealing time. 

It will be seen 
from Fig.4 that in 
the case of the 
80% Ni + 20% Cu 
alloy, the spontane- 
ous magnetization "tail" becomes shorter with increasing annealing time and 
the c, vs temperature curve for this alloy becomes similar to the curve for 
pure nickel. Analogous effects have been observed by other investigators 
measuring the magnetic and "nonmagnetic" properties of these alloys. Thus, 
for example, Kussmann & Schulze19, in measuring the temperature dependence of 
the conductivity and initial permeability, and Volkov & Chechernikov!!, in 
measuring the temperature dependence of the magnetostriction, established that 
in Cu-Ni alloys the "tails" of these properties in the vicinity of the Curie 
point are appreciably shortened as a result of prolonged annealing. 

The following conclusions may be drawn from the results of our investi- 
gation of Ni-Cu alloys: 1) the temperature variation of the spontaneous mag- 
netization and the temperature dependences of the thermodynamic coefficients 
Q and B in the vicinity of the Curie point (in contrast to what is observed 
at low temperatures) are highly sensitive to inhomogeneity of concentration; 
2) quantitative comparison of the values of the coefficient ¢ in Eq. (2) for 
nickel-copper alloys with different Cu concentrations is feasible only after 


0.,¢gauss cm? ¢ 1 
Ss, 
Gs 
c 


S 
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0 
150 160 170 1800,°C 440 = 150 


Fig.4. "Tails" of spontaneous magnetization in the 807% 
Ni + 20% Cu alloy after annealing for a) 10 hours at 
1000°, and b) 20 hours at 1000° and 20 hours at 1200°; 
c) curve for pure Ni. 1 - curve obtained by the method 
of "lines of equal magnetization"; 2 - curve obtained 
by the method of “thermodynamic doefficients". 
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prolonged annealing. The variation of (c,/o,)2 with T/@ becomes linear only 
after such prolonged annealing. 

Let us now compare the values of « for nickel and Ni-Cu alloys. The val- 
ues of & deduced from our measurements are listed in Table l. It will be evi- 
dent that ¢ decreases with increasing Cu content. This means that the slope 

of the spontaneous magnetization 


Table 1 vs temperature curve decreases 
Values of the Curie point and the with increasing Cu concentration, 
thermodynamic coefficient & i.e., that the ferromagnetic trans- 
for Ni-Cu alloys formation is increasingly smeared 


out with rising Cu concentration. 
Ia According to Sucksmith! and went? 


eae, Ot : ve the principal reason for smearing 
out of the ferromagnetic transform- 
100% Ni 624 6,95 2,64 ation in alloys is fluctuation of 
me neneen a ae Peg Pic the atomic order (inhomogeneity 
85% Ni+15% Cu 478 3,76 1,94 of the Cu concentration). This 
80% Ni-+ 20% Cu 428 3, 44 1,85 factor, as we have already seen, 


exerts a strong influence on the 

temperature dependence of the 
spontaneous magnetization in nickel-copper alloys. The effect of this factor 
can be minimized by prolonged annealing. Our experiments have shown, however, 
that even after prolonged annealing the smearing out of the ferromagnetic 
transformation is still appreciable. In our opinion it is connected with the 
structural characteristics of the alloy, the character of the short range 
order and the interatomic interaction. 

Vonsovskii & Vlasov8, proceeding from the s-d exchange interaction model, 
attempted to give physical meaning to the coefficient ¢. Their theory leads 
to the following formula for the temperature dependence of the spontaneous 
magnetization of metals in the vicinity of the Curie point: 


(=) =3(s;) (4): (» 


in other words, according to these authors, 


b= 3(z-). (4) 
Here § is the Curie point taking into account s-d exchange interaction and 6, 

is the Curie point without taking it into account, i.e., the Curie point deter- 
8K mined only by d-d exchange interaction. According to 
Vonsovskii-Vlasov theory 6/6;>1. This means that §>3. 
The experimental data for pure nickel and Ni-Cu alloys 
are consistent with these predictions from theory (see 
Table 1). 

As is known, the Curie point @ in Ni-Cu alloys 
decreases linearly with increasing Cu concentration. 
This decrease of 9 occurs due to weakening of d-d as 
well as, apparently, to weakening of s-d interaction. 
Some confirmation of the assumption that s-d exchange 
interaction also decreases is furnished by the data 
listed in Table 1. In the table we have also listed 
Fig.5. Variation of 9 the values of |/F~ 6/0;. It will be seen that Vé de- 
and Y= with the Cu creases with increasing Cu concentration. The tabular 
concentration in Ni-Cu values are plotted against the copper concentration in 
alloys. Fig.5. It will be evident that VYé (just as @) de- 


200 


4 20 40.Cu, at. % 
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creases approximately linearly with increasing Cu concentration. 


In order to explain this decrease one must assume that the numerator in 
Eq. (4) decreases with rising Cu concentration more rapidly than the denomina- 


tor. 


In other words, according to the theory of Vonsovskii & Vlasov®, the de- 


crease in the slope of the (o,/c))? vs T/@ plots for Ni-Cu alloys occurs primari- 
ly due to reduction of the s-d exchange interaction. 


2. Alloy Close to Ni3Mn in Composition 


-10 a 10 20 


Fig.6. Temperature dependence of the 
coefficient B for the alloy close to 
Ni3Mn in composition after different 
periods of annealing at 380°: 1) 40 
meee) rye) | 2 chr. 4)4.6) hr,.'5) 
Zoenr, 6) 36,& 84 hr. 
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Fig.7. Temperature dependence Ofka® 


for 


the alloy close to Ni3Mn in composition 


after different annealing periods at 
Bs0-251) 40 min, 2) l-hr, 3) 2 hr, 4 
6 hr, 5) 16 hr, 6) 36 hr, 7) 84 hr. 


We carried out experiments on 
the influence of annealing on the 
ferromagnetic transformation in an 
alloy having a composition close to 
Ni3Mn (21 atomic % Mn). As is known, 
appropriate heat treatment results 
in atomic ordering in alloys of this 
type. Prior to measurement, the 
sample was first quenched (to obtain 
the disordered state) and then an- 
nealed at 380° for different lengths 
of time. 

The curves characterizing the 
temperature dependence of 6 after 
different periods of annealing are 
shown in Fig.6. It will be seen 


that none of the curves exhibits 
the typical minimum indicative of 
"normalization" of the alloy. 

It will be seen from Fig.7, 
where c? is plotted as a function 
of 9 - T, that contrary to what 
might have been expected, the curve 


0 0 20 JO 40 50607080 
Annealing, hrs. 


Fig.8. Variation of the Curie 

point @, the saturation magnetization 
ok at room temperature and the co- 
efficient Bg (at the Curie point) 
with the annealing time for the 

alloy close to NigMn in composition. 
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Fig.9. Influence of annealing 


time on the "tail" of the 


spontaneous magnetization in 
the alloy close in composition 
to NigMn: 1) curves obtained 


by the method of lines of 
equal magnetization and 2) 


curves obtained by the method 
of thermodynamic coefficients. 
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Fig.10. Temperature depend- 
ence of the square of the 
spontaneous magnetization 
in the alloy close to Ni3Mn 
in composition after dif- 
ferent annealing times at 
380°; 1) 1 hr, 2) 6 hr, and 
3) 84 hr. 
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even after 84 hours annealing does not become 
linear, even though as would appear from 

Fig.8 the process of ordering has gone to 
completion (by 20-30 hours annealing time) 
inasmuch as the Curie point 9, the saturation 
magnetization at room temperature and the co- 
efficient Bg (at the Curie point) have reached 
limiting (saturation) values. 

It will be seen from Fig.9 that the "tails" 
of the spontaneous magnetization not only do 
not become shorter, but on the contrary become 
much longer with increasing annealing time. 

Lastly, we must note one more interesting 
experimental fact. The variations of (¢,/c,)? 
with T/9 for this alloy for three annealing 
times are shown in Fig.10. It will be seen 
that with increasing annealing time the slope 
of this curve decreases appreciably, which 
indicates that the ferromagnetic transformation 
is increasingly smeared out. This is apparent- 
ly .connected with the fact that in the alloy, 
in addition to the main ordered phase, there 
exist disordered phase "islands" which are 
responsible for fluctuation of the exchange 
interaction over the volume of the specimen 
and, consequently, the smearing out of the 
transformation. As has been noted in the 
literaturel2, it is difficult to obtain complete 
ordering in the Ni-Mn alloy close to Ni3Mn in 
composition. 


3. Invar Type Ni-Fe Alloys 


Invar alloys are characterized by distinct- 
ive magnetic anomalies and hence we felt it 
would be of particular interest to investigate 
the temperature dependence of their spontaneous 
magnetization in the vicinity of the Curie point. 
We investigated two alloys, namely, 36% Ni + 
64% Fe and 35% Ni + 65% Fe. Our measurements 
showed that the temperature variation of the 
spontaneous magnetization near the Curie point 
in these alloys depends on the preliminary heat 
treatment. This, just as in the case of Ni-Cu 
alloys, can probably be explained by the influ- 
ence of inhomogeneity of concentration over the 
volume due to liquation. There is, however, a 
heat treatment that makes the co, VS t curve more 
"normal", The temperature dependences of 8 and 
o2 for samples of the 35% Ni + 65% Fe alloy an- 
nealed for different periods are shown in Figs. 
iivande 12: 
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Fig.11. Temperature dependence of the 


' coefficient B of the 35% Ni + 65% Fe 


invar alloy: 1) cold drawn specimen, 
2) after 5 hr annealing at 1000°, 
3) 10 hr at 1000°, 4) 20 hr at 1100°. 


O2,(gauss am? g1)2 
1500 


AZ 
1000 $d 
| of 
a 
210 220 250 £40 6,°C 


Fig.12. Temperature dependences of 2 
of the 35% Ni + 65% Fe invar alloy: 
1) cold drawn specimen, 2) after 5 
hr annealing at 1000°, 3) 10 hr at 


a ne 


Values of the Curie point @ 
and the thermodynamic coeffi- 
cient € for Ni-Fe alloys 


1000°, 4) 20 hr at 1100°. 


It will be seen that as a result of an- 
nealing the B vs t curves acquire a minimun, 
while the 9? vs t curves straighten out. 
Little further change occurs when the anneal- 
ing is extended beyond some 5 hrs. It was 
found, nevertheless, that the coefficient 
for the invar alloys is appreciably smaller 


Table 2 


Alloy 
than 3 (see Table 2); this indicates that the 
36% Ni + 64% Fe a. | 14h ferromagnetic transformation in invar type Ni- 
35% Ni+65% Fe 510 | 41.46 Fe alloys is greatly smeared out. 
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In Fig.13 we give the <c,/c, vs T/@ curve 
for the 36% Ni + 64% Fe alloy (after prolonged 
annealing) together with the corresponding 
curves for pure nickel and the 80% Ni + Cu 
alloy for purposes of comparison. It will be 
seen that the curve for the invar alloy is 
anomalously flat. 

A possible reason for the anomalous char- 
acter of the spontaneous magnetization curve 
of invar alloys may be that the ferromagnetism 
in these alloys is due to exchange interaction 
not only between atoms in the first coordina- 
tion sphere but also to longer range interac- 
In other words, these alloys may be 
“ T/§characterized not by one but by several ex- 


Fig.13. Variation of ojo, with change inegrals, which leads to smearing out 
T/@ for 1) the 36% Ni + 64% Fe of the ferromagnetic transformation. 

alloy, 2) nickel, and 3) the 

80% Ni + 20% Cu alloy. 
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INVESTIGATION OF THE MAGNETIZATION OF FERRITES IN THE VICINITY 
OF THE CURIE POINT 


- K.P.Belov, K.M.Bol'shova & T,A.Elkina 


The purpose of the present work was to investigate true magnetization (the 
paraprocess) in certain ferrites. Inasmuch as the intensity of the paraprocess 
increases with temperature, attaining the maximum at the Curie point, we strove 
to make all our measurements near this temperature. In this temperature region 
one can compare the parameters characterizing the paraprocess in different 
materials. The paraprocess in essence consists of the Orienting action of the 
magnetic field on the spin magnetic moments in the magnetic domains. We felt 
it would be of interest to compare the true magnetization curves for ferrites 
and metals in order to elucidate the distinctive characteristics of the para- 
processes in these two different types of ferromagnets. 

We were also interested in obtaining the curves characterizing the para- 
process in ferrites because from these one can determine the temperature vari- 
ation of the spontaneous magnetization in these materials in the immediate 
vicinity of the Curie point. There is little information on the subject in 
the literature!. At the same time such data are necessary for investigating 
the character of the ferromagnetic transformation in ferrites, many details of 
which are as yet unclarified. Investigation of ferromagnetic transitions in 
ferrites is also of theoretical interest because the mechanism of the appear- 


ance of spontaneous magnetization in them differs from the mechanism in ferro- 
magnetic metals. 


1. Procedure and samples 


We studied seven samples of ferrites in the Mn-Zn ferrite system with MnO 
contents ranging from 20 to 40% and two ferrites of the Co-Zn system. The 
Mn-Zn ferrites were prepared by the procedure used in obtaining commercial 
samples (the Co-Zn ferrites were prepared from chemically pure materials in 
the Department of Chemistry of Moscow State University). Ferrites with low 
Curie points were chosen with a view to precluding the possibility of structur- 
al changes incident to heating to high temperatures. The samples were in the 
form of bars of approximately square cross section, 4.5 mm on the side and 
about 40 mm in length. 

The magnetization curves at different temperatures were recorded by the 
ballistic procedure. Specimens were magnetized in a solenoid yielding fields 
of up to 2500 oersted. The differential ballistic coil was wound on an ebon- 
ite form which was mounted over the water jacket of an electric heater. The 
coil consisted of two identical sections of 4500 turns each. In each case the 
specimen was positioned so that its center was in line with the center of one 
of the coil sections. Prior to measurement the differential coil system was 
compensated (balanced) in the absence of the specimen. 

Obviously, with the given system in the case of measurements on short 
samples, it would be incorrect to calculate the magnetization in the specimen 
by means of the usual formulas inasmuch as the magnetic flux through the air 
gap from the ends of the sample will intersect the turns of the ballistic coil, 
with the result that the calculated magnetization of the sample would be lower 
than the true value. It was therefore necessary to calibrate the equipment, 
i.e., to find experimentally the factor relating the deflection of the galvano- 
meter to the true magnetization in the specimen. To this end we prepared a 
single layer coil, wound of thin conductor on a form of the same shape and size 
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as the specimen. This coil was positioned exactly in the place of the sample 
and a current passed through it. Since the magnetic moment of the coil could 
readily be calculated, we were able to calibrate our set-up in this manner. 

The temperature was measured by means of a copper-constantan thermocouple. 
The temperature was maintained uniform over the length of the heater within 


Onl 5a. 
2. True magnetization of ferrites close to the Curie point 


Our measurements showed that the paraprocess curves for ferrites close to 
the Curie point are closely characterized by the thermodynamic expression that 
we used earlier for describing the true magnetization of metallic ferromagnets: 


atpor— =, O8 


where 06 = J/p is the specific magnetization (J is the magnetization and po is 
the density) and @ and 8 are thermodynamic coefficients, dependent on the tem- 
perature and elastic stresses. 
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Fig.l. Variation of H/o with o2 near Rigo3.. camesas Big. buteLorecne 


the Curie point for the 35.5% MnO + 28% MnO + 21.5% ZnO + 50.5% Feo0 
+ 15% ZnO + 49.5% Feo03 ferrite at ferrite at: 1) T1Oee 2) 108° 3) > 
different temperatures: 1) 185°, 2) 106° 4) 105° 5) 1 04~ aea) 1022 
TBO geo) eL So a4) ioc, 5) 1 1ae ao) 7) 100°, 8) 98° and 9) 96°. 


7OCem?) a1 65°.and.3) 160", 


The curves giving the variation of H/o with o” for two of the investiga- 
ted ferrites are shown in Figs.1 & 2 (analogous results were obtained for the 
Other ferrites including the Co-Zn ferrites*). It will be seen that in accord 
with (1) the plots are straight lines. The deviations in weak fields are as- 
BRS eeene oe ae technical magnetization processes which are not taken into 
account in Eq. sve CL alo. i i i 
ecegha reat Ran obss Pd it ds particularly well in the temperature region 

The values of the coefficients @ and B can be determined graphically from 
the curves of Figs.l1 & 2. As follows from the thermodynamic theory of Sheer 
magnetic transformations3:4 at t < 9, the coefficient @ is less than zero 


*S.A.Nikitina participated in the measurements on the Co-Zn ferrites 
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(i.e., negative, while for t > @, Q@>0). It 
goes through zero at the Curie point; this 
serves as an indication of @. As for the coef- 
ficient B, according to the theory, it is posi- 
tive at all temperatures. Variations of the ex- 
perimental values of Q@ and B with temperature 
have been plotted in Figs.3 & 4, from which it 
follows that the deductions from theory are in 
agreement with experiment. The general charac- 
ter of the temperature variation of Q and 6 for 
ferrites is the same as for metallic alloys.2 
One can effectively compare the intensity 
of the paraprocess in different materials only 
(e- yh)? by juxtaposing the true magnetization curves in 
Fig.3. Temperature variation the immediate proximity of the Curie point where 


_ of the coefficient B for the paraprocess is maximal. At t = 9, when @ 
Mn-Zn ferrites of different — 0, we have from (1): 
composition: 1) 23% MnO, poms ih (2) 
2) 28% MnO, 3) 35.5% MnO. : 
The curve for pure nickel is Vo 
shown for comparison. The greater the value of L/W,» the steeper 


will be the curve characterizing the magnetiza- 
tion at the Curie point and the more intense the 


paraprocess. Thus the magnitude of / V3, can 


serve as a parameter characterizing the intensity 
of the paraprocess in different materials. The 
values of this parameter for the investigated 
ferrites as well as for nickel and some nickel 
alloys are listed in Table 1 together with the 
corresponding Curie points and the values of the 
absolute saturation magnetization oo. For 90 we 
have taken the value of the magnetization satura- 


Fig.4. Temperature depend- tion at the boiling point of helium, according 

ence of the coefficient @ to the measurements of A.V.Ped'ko. 

for ferrites: 1) 23% MnO, It will be evident from the table that the 
2) 28% MnO, 3) pure Ni. paraprocess in the investigated ferrites is of 


the same order of magnitude as in metallic ferro- 
magnets. The great intensity of the paraprocess in ferrites is due to the 
fact that they are characterized by high values of the absolute saturation mag- 
netization co), which is determined by the number and magnitude of the elementary 
magnetic moments. There is no discernible correlation between the intensity of 
the paraprocess and the values of the Curie point, although it might be infer- 
red from general theoretical considerations that a relationship should obtain: 
it might be assumed that the lower the Curie point, the weaker the exchange 
interaction and the greater the perturbing influence of the external field on 
the elementary moments, i.e., the greater the intensity of the paraprocess. 

It should be noted that the value of Bo (as experiments with alloys have 
shown®) depends substantially on the thermal history of the sample, i.e., on 
whether it was subjected to homogenizing annealing. We did not anneal our 
ferrite samples. This may be the reason why the experiments did not bring 
out any apparent correlation between the intensity of the paraprocess and the 


Curie temperature. 
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3. Temperature variation of the spontaneous magnetization in ferrites 
near the Curie point 


Table 


Values of the intensity of the paraprocess, 


the absolute saturation magnetization 
and the Curie point for Mn-Zn ferrites 


nee EEE EIEENEESEEEEREIE HEREREIEREERRERERERSREIEEEEEEEET EEE! 


1 %, 
Material Vig oO et Bs 
35,5% MnO + 15%Zn0 + 0,805 | 152 467,5 
+ 49,5% FesO3 
28% MnO + 22,5% ZnO + OK 146 387 
+ 49,5% Fe203 
300% MnO +20% Zn0+50%Fe,0, | 0,88 144 401,5 
40% MnO + 10%7n0-+50%Fe,0, | 0,55 102 475 
23% MnO + 27,5 ZnO + 4) cat) 300 
+ 49,5% FesOs 
i ee penne ore ae 
20% CoO + 30% ZnO % Fe.O Relies 
ates ccc) Mm aI 55,2 | 628 
80% Ni + 20% Cu ORS Sone 428 
36%Ni + 64% Fe Dace 184,4 O71 
NisMn (ordered) 0,87 


minations for some of the Mn-Zn ferrites are shown in Figs.5 & 6. 


Having the experimental 
paraprocess curves, there are 
three ways in which one can 
determine the temperature vari- 
ation of the spontaneous magnet- 
ization in the vicinity of the 
Curie point: 

1) by the well-known method 
of "lines of equal magnetization" 
proposed by Weiss and Forrer, 

2) by the method of "thermo- 
dynamic coefficients"2 which fol- 
lows from Eq. (1); for H = 0, we 
have from (1): 


a 
os = Poi 


3) by extrapolation of the 
true magnetization isotherms to 
H = 0. 

The results of such deter- 
The spon- 


taneous magnetization values obtained by all three methods agree in the tempera- 
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Fig.5. Temperature dependence of the 
spontaneous magnetization near the Curie 
point for the 28% MnO + 21.5% znO + 

50.5% Feo03 ferrite: 1) spontaneous mag- 
netization values determined by the meth- 
od of thermodynamic coefficients, 2) 
values determined by the method of lines 
of equal magnetization and 3) values 
determined by the method of magnetiza- 
tion isotherms. 


ture region below the Curie point 9 (we 
take @ to be the temperature at which 
0). Divergences become noticeable 
only at temperatures some 3-5° below 
the Curie point: the curve for the 
temperature dependence of gc. 
by the method of thermodynamic coeffi- 
cients falls steeply toward the t-axis, 


obtained 


O;, gauss cm? gt 


200 MG 


Fig.6. Same as Fig.5 but for fer- 
rites with 23% MnO (I) and 35.5% 
MnO (II). 
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O2,ganss cn? say i.e., continues oBe curve obtained by the three 
methods in the region of lower temperatures, 
while the curve obtained by the lines of equal 
magnetization method bends over and asymptotical- 
ly approaches the t-axis, forming the so-called 
spontaneous magnetization "tail". It becomes 
impossible to determine oc, from the magnetization 
isotherms at temperatures from about 10° below 
the Curie point because the magnetization iso- 
therms in a strong field become nonlinear as the 
Curie point is approached. The curvature of 
the magnetization isotherms increases rapidly 
oe mee gee as the Curie point is neared, consequently any 
attempt to extrapolate the isotherms of magnet- 


1000 - 


Fig.7. Variation of co? with ization in strong fields to H = O must neces- 

(T - @) for Mn-Zn ferrites sarily be highly arbitrary and conducive to 
with different MnO concen- misleading results. 

Pre tons) 1). (23%; (2) 28%,;)°3) At temperatures above the Curie point there 
35.5% and 4) 40% Mno. appears a linear section in the magnetization 


curves in the region of strong fields; this recti- 
linear section increases in length with increas- 
ing temperature. However, even at temperatures 
200° above the Curie point a nonlinear section 
persists in the magnetization curve in the re- 
gion of weak fields (to~400 oersted). Pure para- 
magnetic behavior is observed only at temperatures 


a? 


Fig. 


250° above the Curie point. Analogous temperature 
dependences of the spontaneous magnetization were 
observed for all the investigated Mn-Zn ferrites. 
It is of interest to compare the length of 
the spontaneous magnetization "tail" in ferrites 
and alloys. The length of the "tail" in the in- 
vestigated ferrites attained as much as 70°, 
while in Ni-Cu alloys the length is only ~15°. 
It was shown in Refs.2 & 5 that such "tails" in 
the case of alloys are due to fluctuation of the 
concentration over the volume of the sample. An 
a a a a CT, analogous fluctuation can, apparently, obtain in 
ue “ "4% ~~ «ferrites, particularly mixed ones. Recently 
8. Variation of o,/s, Sucksmith and his coworkers! carried out measure- 


with T/@ for metals and fer- ments of the spontaneous magnetization near the 

rites: 1) Mn-Zn ferrite with Curie point in a simple (Mn0O-Fe903) and in a mixed 
35.5% MnO, 2) with 28% MnO, (0.5 Mg0-0.5 Zn0-Feo03) ferrite. They established 
3) with 30% MnO, 4) with 40% that in the simple ferrite the spontaneous magnet- 


MnO 


and 5) alloy of 80% Ni + ization "tail" is rather short, while in the mixed 


+ 20% Cu. ferrite it attains an appreciable length. 


From the thermodynamic theory of the ferro- 


magnetic transformation’, it follows that 


(By =1(-4) e 


Here the coefficient é characterizes the "steepness of the ferromagnetic 


transformation in the proximity of the Curie point. The variation of therex- 
perimental values of 52 as a function of (@ - T) for four Mn-Zn ferrites is 


s 


= —l056R— 


shown in Fig.7. It will be seen that the relationship (3) holds for only two 
of the samples; in the case of the ferrites with higher MnO concentrations 
the observed variation is nonlinear. An analogous situation obtains for al- 
loys. In the case of alloys, disagreement between the results a measurement 
and Eq.(3) can be explained by the influence of concentration inhomogeneities 
in the alloy (liquation). Obviously, the same thing can occur in ferrites. 

Vlasov made an attempt to determine the numerical value of the coeffi- 
cient ¢ for ferrites. He showed that whereas for metallic ferromagnets ¢ 
must be greater than 3, for ferrites & must always be smaller than 3. 

In actual fact, the values of & for all the ferrites investigated by us 
lie between 0.1 and 0.7. This indicates that the ferromagnetic transformation 
in ferrites is much more smeared out than in metallic ferromagnets. The spon- 
taneous polarization curves for Mn-Zn ferrites in oa,/c, vs T/@ coordinates are 
shown in Fig.8, together with the corresponding curves for pure nickel and an- 
nealed 80% Ni + 20% Cu alloy. It will be seen that the slope of the ferrite 
curves is appreciably less steep. Néel’ and Vlasov & Ishmukhamedov® have 
given qualitative explanations of the anomalous temperature dependence of the 
spontaneous magnetization of ferrites. It should be noted, however, that the 
smearing out of the spontaneous magnetization in ferrites is due not only to 
the sublattice structure but also to the influence of concentration fluctua- 
tions over the volume of the specimen. 


4. Behavior of Mn-Zn ferrites near the Curie point in weak fields 


We felt it would also be of interest to investigate the temperature de- 

pendence of the magnetic properties of our ferrite samples in weak fields. 
The weak field measurements were performed on a vertical astatic magnetometer 
by the null method. We recorded the temperature dependences of the magnetiza- 
tion in a weak field (0.8 oersted) as well as the coercive force and the resi- 
dual magnetization in a magnetizing field of 150 [1902] oersted. 

It was found that above the 
Curie point (determined as the tem- 
perature at which q@ = 0) the investi- 
gated Mn-Zn ferrites exhibited anom- 
alies of a type not mentioned in the 
literature. The residual magnetiza- 
tion in approaching the Curie point 
from the side of lower temperatures 
decreases, then starts to rise from 
a minimal value at a temperature 
close to the Curie point, goes 
through a maximum and again falls 


17) 40 80 20 160 200 t,°C off (Fig.9). The coercive force 
also shows an anomalous behavior; 
Fig.9. Temperature dependences of the it too at first falls off, goes 
residual magnetization and coercivity through a minimum at the same tem- 
in Mn-Zn ferrite with 28% MnO in the perature as the residual magnetiza- 
region above the Curie point: 1) mag- tion and then increases, the in- 
netization in a 0.8 oersted field, 2) crease being very appreciable in 


residual magnetization in a 190 oersted some cases (Fig.9). 

field, 3) coercive force in a 190 oer- With a view of investigating 
sted field, 4) o, calculated by the this effect in more detail, we re- 
method of thermodynamic coefficients peated these measurements Ga three 
and 5) o, calculated from the equal of the seven initially investigated 
magnetization curve. ferrites some months after the first 


Br LA Pa 


ee ea ee 
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experiments. The ferrite samples exhibited the identical anomalies. Then 
the three samples were sealed into glass tubes in order to eliminate the pos- 


sible influence of oxygen during heating and the measurements were repeated. 


The anomalies persisted. In order to determine whether such anomalous behavior 


is characteristic of all Mn-Zn ferrites regardless of the method of preparation 
and the possible presence of impurities, we carried out measurements on two 
ferrite samples made available to us by N.N.Shol'ts and K.A.Piskarev.* The 
compositions of these samples were 10% ZnO + 40% MnO + 50% Feo03 and 20% ZnO + 
+ 30% MnO + 50% Feo03. In the case of these samples only the coercive force 
anomaly was observed, while the temperature variation of the residual magnet- 
ization was normal. 

Subsequently, we carried out similar measurements on several samples of 
cobalt-zine ferrite samples; in this case no anomalies were observed. 


Conclusions 


1. The paraprocess in the vicinity of the Curie point in the Mn-Zn and Co- 
Zn ferrites we investigated is of the same order of magnitude as in ferromag- 
netic metals and alloys. The same thermodynamic equation, namely, %9+{s°=//, 
as was used earlier for describing the true magnetization in metallic ferromag- 
nets can be used for describing the paraprocess in ferrites in the vicinity of 
the Curie point. This is as might have been expected in view of the fact that 
the thermodynamic theory of ferromagnetic transformation is not based on any 


- specific model and hence the deductions following from it are general and 


should be applicable to all ferromagnetic materials. 

2. The values of the spontaneous magnetization calculated by the method of 
thermodynamic coefficients (which derives from the same thermodynamic theory 
of ferromagnetic transformation) agree with the values of the spontaneous mag- 
netization obtained by the method of lines of equal magnetization and by the 
method of magnetization isotherms. All three methods of calculating the spon- 
taneous magnetization give identical values of co, up to temperatures very close 
to the Curie point (up to within about 10° of the Curie point). 

3. In mixed ferrites, just as in metallic ferromagnets, the magnetic trans- 
formation is not a "point" process, i.e., does not occur fully at sharply de- 
fined temperature. In the case of mixed ferrites a very long (up to ~70°) spon- 
taneous magnetization "tail" extends out from the Curie point temperature, which 
is here understood to be the temperature at whichia@ = 0: 

4. Anomalous increases of the coercivity and the residual magnetization 
were observed in the Mn-Zn ferrites above the Curie point. 
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TEMPERATURE DEPENDENCE OF THE DIFFERENTIAL SUSCEPTIBILITY OF COBALT IN STRONG 


MAGNETIC FIELDS 
= Pals T, Tarnetss 


Introduction 


The shape of magnetization curves near saturation for polycrystalline 
ferromagnetic materials in the absence of external and internal mechanical 
stresses is determined almost entirely by the magnetic anisotropy. 

It is therefore obvious that in strong fields the differential suscept- 
ibility must be intimately related with the magnetic anisotropy. It may be 
assumed that the temperature dependence of the differential susceptibility in 
the temperature region far below the Curie point will be determined by the 
temperature dependence of the anisotropy constant, inasmuch as this changes 
much more with changes in temperature than the saturation magnetization. 
Hence investigation of the temperature dependence of the differential sus- 
ceptibility in strong magnetic fields can yield valuable information on the 
temperature dependence of the anisotropy constant. Although for purposes of 
determining the anisotropy constants and investigating their temperature de- 
pendences the preferred procedure is torque measurements on single crystals, 
in many cases it may be useful to supplement such data by measurements on 
polycrystalline specimens. 

In the case of ferromagnets with a cubic lattice we have ample experi- 
mental evidence! that the values of the anisotropy constants obtained from 
measurements on polycrystalline specimens agree well with the values obtained 
for single crystals. 

A number of authors have investigated the temperature and field depend- 
ences of the differential susceptibility of polycrystalline ferromagnetic 
materials with a cubic lattice (iron, nickel and their alloys); there are, 
however, few reports on analogous investigations of cobalt which has a hexa- 
gonal structure. Bloch2, Weiss & Forrer? and Allen & Constant# investigated 
the temperature dependence of the saturation magnetization of cobalt; their 
measurements, however, cannot be regarded as reliable, for, as Mayers & Suck- 
smith? have noted, the magnetic properties of cobalt near the allotropic trans- 
formation temperature are strongly dependent on the thermal history of the 
sample. 

On the basis of the results of earlier investigations of Edwards & Lip- 
son® and Troiano & Tokich”, Mayers & Sucksmith® considered it expedient to 
carry out their measurements of the saturation magnetization of cobalt on a 
single crystal. Prior to the measurements of Mayers & Sucksmith, analogous 
measurements were performed by Kaya® and Honda & Masumoto9. 

Utilizing the temperature vs magnetization curves obtained by Honda & 
Masumoto?, Bozorth19 calculated the temperature dependence of the first and 
second anisotropy constants of hexagonal cobalt. 

pavers & Lipson® showed by x-ray diffraction studies that the hexagonal 
mdi tics tion of cobalt even at room temperature contains inclusions with the 
cubic lattice, whose concentration depends on the previous heat treatment. 
as VOHG te eccdate ee ee Sees peeey ea became clear: 
edithat tthe} formationdorsthen@elieainte e Nishiyama’, Nishiyama jestablish= 
with the (0001) plane of the hexa : renee yn meee ee P eeuerein onan 
atte erate cas d niet eee Pceteclaans — formation of the [110] 
ation only one face-centered cubic cryst ne a bathe Oa aks SaatS oa 
Ah AU REES CoE RRE EC a | oe is ormed from one hexagonal cryst- 

mation from each face-centered cubic 


iia at Ce bh eal 


= hOS90= 


crystal there may form four hexagonal crystals with different but definite 
orientations. However, these four hexagonal crystals formed from one cubic 
crystal in the case of repeat @— > 8 transition always transform into only 

one cubic crystal. Nishiyama's inferences regarding the 0 = 6 transformation 
mechanism in cobalt were substantiated by the work of Kehrer & Leidheiser!2. 
Thus from a cobalt single crystal with a hexagonal lattice one can by allo- 
tropic transformation obtain a cubic single crystal with a definite orienta- 
tion. Sucksmith & Thompsonl3 utilized this possibility and were the first to 
determine the temperature dependence of the anisotropy constant of cubic cobalt. 

According to their measurements, the anisotropy constants of cubic cobalt 
are one order of magnitude smaller than the corresponding constants of the hex- 
agonal modification (it is surprising to note, however, that the absolute val- 
ue of the second anisotropy constant is greater than that of the first). One 
may therefore expect a sharp decrease in the differential susceptibility of 
polycrystalline cobalt in strong fields in the region of the phase transforma- 
tion, inasmuch as the most important factor (the value of the anisotropy 
constants) in determining its magnitude apparently decreases sharply. 

It was already known from the measurements of Honda & Masumoto? that the 
first anisotropy constant in the hexagonal phase changes sign at about 220°, 
while the second constant decreases slowly but remains positive. From this 
it may be inferred that the temperature variation of the differential suscept- 
ibility of cobalt should exhibit a pronounced minimum at a temperature slightly 
above 220°. 

The purpose of our investigation was to obtain additional information on 
the magnetic properties of cobalt. 


Measurement procedure 


In principle, for measuring the differential susceptibility one can use 
the ballistic procedure proposed by Czerlinskyl4, In the case of small dia- 
meter specimens, however, particularly in the region of high temperatures, 
the ballistic method becomes very cumbersome and insensitive. Thus the bal- 
listic procedure is no longer applicable for determining susceptibilities of 
the order of 1072-1073 gauss/oersted with an accuracy of 1-10% in the case of 
thin samples. 

For the purpose of enhancing the sensitivity of differential susceptibili- 
ty measurement, Akulov & Bol'shoval5 proposed a bridge set-up. Unfortunately, 
this procedure, as one of the present authors!6, showed is not without short- 
comings and cannot be used for precise measurements. 

The method developed and used by us consists of comparing the voltages 
induced in a measuring coil with and without the specimen. 

A diagram of our set-up is shown in Fig.1. The solenoid Ly producing 
a constant magnetic field (H) is supplied from a storage battery, while the 
solenoid Log producing an alternating magnetic field (h) is supplied from an 
audio-frequency generator (EMG, Type te b1S) et 

The maximum amplitude of the alternating magnetic field was chosen so as 
to be equal to approximately 1% of the constant magnetic field in each case. 
The potential necessary for compensating the voltage of the measuring coil 
Lg is applied through the phase shifter ~ to the potentiometer P (pure re- 
sistance) by the transformer Tz. Balance (i.e., zero current through the 
coil L3) is shown by the null indicator I. The null indicator in our set-up 
was a selective amplifier having a large amplification factor (10 ) and a 
narrow passband (+9 cps). The frequency of the audio generator G was selected 
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so that the skin effect in the 
specimen near magnetic saturation 
could be neglected. One of the 
present authors showed earlierl® 
that the error produced by the 
skin effect in the case of cylindri- 
cal specimens up to 4 mm in diameter 
is negligible up to about 500 cps. 
The measuring coil L3 which 
was 10 mm long and 21 mm in diameter 
(600 turns) was centered over the 
investigated specimen which was 80 


Fig.1. Diagram of measuring set-up: B - mm in length and 4 mm in diameter. 
storage battery, L, and Lg - solenoids, Thus the influence of the demagnet- 
Lg measuring coil, Tj and Tg - trans- izing field could be taken into 
formers, P - phase shifter, P - potentio- account by means of the ballistic 
meter, I - null indicator, G - audio- demagnetizing factor. Inasmuch as 
generator, R, - variable resistor, A - the measuring coil was not in con- 
ammeter. tact with the specimen, it was neces- 


sary to check the influence of the air gap on the ac- 


curacy of measurement. Control measurements showed 
W that in the case of the given experimental geometry 
the influence of the air gap could be neglected. The 
een’ ¢ specimen was suspended by means of a fine tungsten 
Re N N Se filament inside a porcelain tube (inside diameter 5 
Ro N ce mm; length 30 cm); the tube in turn was inserted into 
BS IA NES a heater with a bifilar winding of platinum wire (0.1 
an S ie mm diameter, 20 cm long). The specimen together with 
Reed IN| N BSS the heater and porcelain tube was placed into a speci- 
Boa IN N tone al double-wall glass vessel which served as the form 
Ra NY ee for the solenoid Lg producing the alternating magnet- 
ay me bee ic field. Lo was 180 cm long; its winding comprised 
Ee see 838 turns. The measuring coil L3 was well insulated 
dN ise from the solenoid Lo and wound so that its center 
Be tee coincided with the common center of coils L} and Lo. 
ee ee The entire arrangement is diagramed in Fig.2. 
oe By The space between the bifilar heater winding and 
BS the inner wall of the glass vessel was filled with 
ne heat insulation. Coils Lo and Lg were cooled by water 
poses circulating through the double-walled vessel. The 
temperature of the specimen was measured by a platinum- 
platinum rhodium thermocouple. The heater S was sup- 
pled from a Type Tr-500 tungsten diode voltage regu- 
lator. 
Fig.2. Arrangement of The constant magnetic field of solenoid Lj was 


sample, coil and solen- uniform within 2% over the 80 mm section comprising 
oids; Ly & Lo - solen- the sample. By virtue of the provision for cooling, 


oids, Lg - measuring it was feasible to produce magnetic fields of up to 
coil, S - heater, T - 10,000 oersted. Details of the solenoid design are 
thermocouple, m - speci- given in Ref.17. 

men, W - cooling water. Let us designate the cross section of the measur- 


ing coil by Q, the cross section of the cylindrical 
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specimen by q. Let the number of turns of the measuring coil be ns. The volt- 
age induced in the measuring coil without the specimen is then given by 


dh 
Ey a nQ—- ’ (1) 
while the voltage induced with the specimen in place is 
= dh’ aJ 
E,=—n(9S + dng SZ), (2) 


where J=J(H.+h) is the magnetization. It must be noted that h’<h, inasmuch 
as the presence of the specimen increases the mutual inductance coefficient 
Mi9 (see Fig.1) even in the case when the specimen is close to saturation. In 
view of this the amplitude of the magnetic field due to the alternating cur- 
rent induced in solenoid Lj increases when the specimen is inserted in solenoid 
ug. Inasmuch as the alternating field is in phase opposition with the magnetic 
_ field of solenoid Ly, we actually have f’<h. The inductance of coil Lg also 
increases, which leads to a reduction of the current in the coil at a constant 
generator voltage. G.Szilvayl8 of the Mathematical Institute of the Hungarian 
Academy of Sciences carried out a calculation of this effect. She established 
that in the case of our experimental geometry one may assert with good approxi- 
mation that h’=h. 
Inasmuch as 


dJ Ghd f dh dh 


ee any ae ar i 


bearing in mind Eqs.(1) and (2), we can write 


It will be evident that in order to determine the susceptibility as the 

function of the field H, it is sufficient to measure the ratio of E, and Eo 
’ with great accuracy which, of course, is much simpler than measuring the ampli- 
tude and the phase of the alternating voltage. 

Although we could take advantage of this circumstance, it was still neces- 
sary to insure high accuracy in determining Ej/Eo, particularly in cases when 
small values of y were to be measured. Obviously, it was essential to satisfy 
the inequality 


/ AE 4 
; =< a (4) 


which in the case of the cross sections Q and q involved in our experiments 

and x ~1o-3 gauss/oersted means that AE/E would be smaller than 1073. Clearly, 
we had to check carefully all the factors that could possibly affect the ac- 
curacy of determining Ej/E,- 

In addition to the above mentioned sources of error, one must, in working 
with a set-up of this type, pay particular attention to errors stemming from 
the operation of the phase shifter. Design of a truly amplitude-independent 
phase shifter is very difficult, particularly if it is also necessary to pro- 
vide for variation of the phase angle in a wide range. If in going from 
measurements of Eg to measurements of Ej a large change in the phase shift 
angle were necessary, the error in determining E,/Eg would be large. In our 
case, however, it was not necessary to change the phase angle much inasmuch as 
the specimen in a strong polarizing magnetic field has little effect on the 


3 
“SS 
Z 
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phase of the voltage induced in coil Lg. A series of test measurements showed 
that the error produced by the amplitude-dependence of the phase shifter under 
our conditions was always less than 0.1% of the measured voltage. 

We also took particular pains to reduce the temperature dependence of the 
resistance of coil Lg, for changes in resistance during the course of an ex- 
periment would obviously hinder measurements. Hence, coil Lo was wound of 
0.3 mm diameter manganin wire. Coil Log and the transformer To, supplying the 
compensating voltage, were connected to the audio-frequency generator supplied 
from a Type Tr-500 voltage regulator. After all the necessary tests and ad- 
justments, we were readily able to measure differential susceptibilities of the 
order of 10-3 gauss/oersted with an accuracy of +10%. The measurement proced- 
ure was the following. First, we established the requisite value of the con- 
stant magnetic field H by means of the automatic rheostat R,, then by adjust- 
ment of the potentiometer P and the phase shifter ) we compensated the voltage 
Eg induced in coil Lg without the specimen. Next, the specimen was placed in 
the measuring coil Lg and after attainment of thermal equilibrium (in heater 
S), we determined the voltage Ej. Inasmuch as it was assumed that the phase 
shifter was amplitude independent, the indication (null setting) of the potentio- 
meter P could be used for determining E}/Eg. 

Each time in going to a different temperature, we waited long enough to 
insure that thermal equilibrium was established. After completion of a full 
temperature cycle, we set another value of the constant magnetic field and re- 
peated the above procedure. 


Results and discussion 


Our measurements were carried out on a sample of electrolytic cobalt 80 
mm in length and 4 mm in diameter. The chemical composition of the cobalt was 
99.65% Co, 0.27% Fe and 0.08% C. Prior to measurement the sample was annealed 
in vacuum for two hours at 1000° and slowly cooled, particularly through the 
temperature range near the phase transformation temperature. The purpose of 
this heat treatment was both to relieve the mechanical stresses in the speci- 
men and to reduce the number of metastable cubic inclusions in the hexagonal 
phase. 

The curves reproduced in Fig.3 show the temperature dependence of the 
differential susceptibility at different field intensities. It will be seen 
that the differential susceptibility exhibits a pronounced minimum at about 

x 290-300° and then, after rising to a second 

47 maximum near 450°, rapidly falls off to 
very low values. The temperature correspond- 
ing to the differential susceptibility mini- 
mum changes little with the field intensity. 

The initial section of curve l clearly 
shows that the susceptibility increases up 
an eee to about 195°. The temperature of the first 

Weare maxdisum decreases with increasing field in- 
a an Hi Wnt tensity and at the same time the maximum is 

increasingly smeared out. This distinctive 

Fig.3. Temperature dependences temperature dependence of the differential 

of the differential suscepti- susceptibility of cobalt can readily be ex- 
bility of cobalt at different plained if we bear in mind that rotation 
constant field intensities: processes play a predominant role in the 

1) 444, 2) 888 and 3) 1332 magnetization mechanism in the region of 
oersted, field intensities employed in our experiments. 


0 
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,Assuming that there are no external or internal stresses present and designat- 
ing the first and second anisotropy constants of cobalt at temperature T by 
Kj, (T) and Kg(T) and its saturation magnetization at T by J,(T), in the case of 
a sufficiently strong magnetic field H, but one in which the inequality HJ ,/Ky 


<1 is still fulfilled, we can write the following expression for the differ- 
ential susceptibility (Gansl%): 


ee Re 9 Js a, KORG a 
er a (1a) ed, (5) 
it 


Inasmuch as in the temperature range from 0° to 150-200°C, Jo /Ky is of 
the order of ree one can select a magnetic field value for which domain rota- 
tion processes will still play the predominant role in magnetization and at 
the same time the inequality HJs;/K; <1 will hold. Since K,(T) decreases much 
more rapidly than Jg(T) with rising temperature in the range from 0 to 100° 
(in this interval Kj(T) changes by 45.6%, while J,(T) changes by only 1.1%), 
the differential susceptibility in such a magnetizing field must increase with 
increasing temperature, as long as HJ o/K remains smaller than unity. The cor- 
responding initial rising section is particularly evident in curves 1 & 2 
(Fig.3). With increasing field intensity this section is shifted to the side 
of lower temperatures (see curve 3). At sufficiently high magnetic field val- 
ues or sufficiently high temperatures, condition HJ,/K, <1 will no longer hold. 
If the opposite inequality obtains, i.e., if K,/H, < 1, then, as one of us has 
shown earlier, the expression for the differential susceptibility assumes the 

- form 


edie oy os ar ral eo ae ee 
1 = Ig Kit ps hike + yg Ki) H+ 
Si fal ee 123.0 7 Ole 72, 8192 3 = 
+ Ss" (apg Ki + gpg Ki Ke Tyee KiKi + sepag Kt) +0 (H). (6) 


Naturally, this expression is valid only in the case of a specimen free 
of all mechanical stresses and provided 1) that magnetic interaction between 
the individual crystallites can be neglected and 2) that the susceptibility 
of the true magnetization (the paraprocess susceptibility) is very small. The 
assumption of negligible interaction between the crystallites is probably 
questionable; this question however has little bearing on the discussion of 
our results.) It follows from (6) that the value of the susceptibility will 
decrease if the absolute values of the anisotropy constants K, and Kp de- 
crease with rising temperature. It would be logical to assume that the sharply 
falling sections of the curves in Fig.3 are associated with such a decrease in 
the absolute values of the anisotropy constants. 

It is known from measurements on cobalt single crystals that the constant 
Kj changes sign near 260°, while constant Kg slowly decreases with increasing 
temperature but remains positive. Let us assume that in the temperature range 
from 250 to 350° the first term in Eq.(6) alone gives a sufficiently good ap- 
proximation of the susceptibility in strong magnetic fields. In this case it 
can readily be seen that the function 


f (x)= daz? a,x + a, (7) 
4 64 £ei2s 
Bec A (es Ra OC 
rie ay 
does not vanish for any real values of z and has a minimum at 7¢= — Sap ° 
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Taking advantage of the fact that Ko is a very slowly varying function 
of the temperature, i.e., assuming that Ko is virtually constant in the narrow 
temperature interval in question, we can deduce the following expression for 
the temperature corresponding to the minimal differential susceptibility: 


K, (Tx) =— 1,14 K, (fx). 


(8) 


Using the experimental values reported by Sucksmith & Thompsoni3, we 
determined the temperature Ty for which Kj and Kg satisfy Eq. (8); it proved 


to be 293°. 
ie 
Qt 
b a 


200 


OOS 


ar) 500 ae UE 
Fig.4. Temperature depend- 
ence of the differential 
susceptibility near 300°: 
a) theoretical curve calcu- 
lated by means of Eq. (6) 
(the values of K; and Ky 
were taken from Sucksmith 
& Thompsonl!3) and 6) our 
experimental curve for 1332 
oersted. 


0 


/ 
S00 4d JMU jc 
ie ° 


The minimum of the differential susceptibility in our experimental 


curves is located at 294°. It will be evident 
that the agreement is excellent. Further, 
utilizing the data of Sucksmith & Thompson!3, 

we calculated by means of (8) the temperature 
dependence of the differential susceptibility 

in a field of 1332 oersted in the region of Ty; 
the calculated curve is shown in Fig.4 together 
with the corresponding section of our experiment- 
al curve for 1332 oersted. It will be seen that 
the minima of the two curves coincide and that 
the curves are close, particularly in the region 
of higher temperatures. At temperatures below 
Ty the divergence is greater because Kg is rather 
large. Hence, expression (6) can be regarded as 
only rough approximation in the range of magnet- 
ic fields used in our experiments. 

Inasmuch as the absolute value of K, changes 
slowly near 390°, the slope of the differential 
susceptibility curve decreases gradually with 
increasing temperature. Near 440° the differ- 
ential susceptibility has a local maximum and 


Co/ “ 


50 


45 


, . 
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Fig.5. Influence of the Q = 6 transformation in cobalt on the temp- 
erature dependences of the differential susceptibility and resistivi- 
ty at different field values (a - H = 444, b-.Hee 888 and c)=.Ht= 


1332 oersted). 


Circle points - differential susceptibility and re- 
sistivity measured during heating ; 


resistivity measured during cooling. 


solid points - susceptibility and 
The curves identified by Co i 


Co II and Co IV represent the experimental results of Schulze20. 
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then falls off sharply. The sharp decrease is connected with the transforma- 


‘tion of hexagonal cobalt to the cubic modification. 


The very appreciable change in the differential susceptibility associated 
with the phase transformation can be utilized for detecting and investigating 
the allotropic transformation itself. In Fig.5 we show the differential sus- 
ceptibility curves obtained during heating and cooling in fields of different 
intensity. In the same figure we have plotted the data of Schulze29 for the 
temperature dependence of the resistivity of cobalt specimens of different 
degrees of purity. Schulze investigated this dependence in the region of the 
phase transformation. His specimen, identified by "Co I", was of the same de- 
gree of purity as our cobalt. It will be evident from Fig.5 that the tempera- 
ture dependence of the differential susceptibility is a more sensitive charac- 
teristic of the phase transformation than the resistivity. According to our 
measurements the temperature of the start of the @ — 6 transformation was 
445° and the temperature of the end of transformation was 490°, For the 


_-B — @ transformation, the initial and final temperatures were 400 and 340°, 


respectively. We feel that these results are the most accurate so far obtain- 
ed. 


Central Physical Research Institute, 
Hungarian Academy of Sciences. 
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APPLICATION OF PARAMAGNETIC RESONANCE (NUCLEAR INDUCTION) TO DETERMINATION 
OF THE STRUCTURE OF ROCHELLE SALT AND EPOXY RESINS 
- A.Ldésche 


Until 1945 the exact determination of nuclear magnetic moments was rather 
difficult. By means of an improved technique, Bloch and Purcell succeeded, in 
1946, in measuring the Zeeman levels of nuclear spins by pure radiofrequency 
methods. During the last 10 years, these methods have been developed in dif- 
ferent directions and today we have more than 700 publications on the subject. 

It would be a pleasant task to talk about this very interesting phenomenon, 
but I wish to tell you how it can be utilized for exploring the structure of 
matter. For lack of time I shall describe only two of the investigations that 
have been carried out at our Institute at Leipzig. First, however, I have to 
mention the possibilities given by nuclear magnetic resonance absorption. 

It is a well-known fact that a nuclear spin, characterized by the gyromag- 
netic ratio ¥, precesses in a magnetic field H with the Larmor frequency 


Wy = 


This precession may be detected by the absorption, which takes place in a radio- 
frequency field of the same frequency and a suitable polarization. Here we are 
not interested in either the magnitude of y or the different line shapes that 
appear when we sweep through resonance at different rates (i.e., we neglect 
"wiggles", etc.). We shall be concerned only with the case of so-called "slow 
passage'’; in this case the line shape will obviously be determined primarily 

by spin-spin interaction. 

For the sake of simplicity we shall restrict our consideration to nuclei 
with spin 1/2 (say, protons, for example). The results can, however, be gener- 
alized to include other spins with little difficulty. These nuclei have only 
two possible orientations in a magnetic field: they may be parallel or anti- 
parallel; it is possible to calculate the static magnetic field by means of 
which the nuclear moment of one spin acts on the other. In other words, the 
magnetic field, acting on any nucleus, is composed of the external field due 
to the electromagnet and an additional local field, created by the surrounding 
nuclei. For example, this additional field in the case of the two protons in 
a water molecule (with a separation of ~1.58 A) is about 10 gauss; this means 
that our absorption line will be broadened by approximately this amount. 

From this simplified picture, we can derive certain additional details. 

1. If the molecules with the nuclei in question are rotating very rapidly, 
i.e., with a frequency much higher than the Larmor frequency w , the mean local 
fields decay to zero. This mechanism is found in liquids; it can be proved by 
macroscopic motion. We have very narrow absorption lines; the exact line shape 
does not matter for the following considerations. 

2. In order to calculate the line shape in the case of a rigid crystal, 


we have to consider the interaction of all the nuclei, the energy of which is 
given by 


ONT 2p2 = — 
HAS oes dt + 8°B°S) (rik Lil) — 878 (rind;) (ryeln)].- 
7 k>j 


Here g is the g-factor, B is the nuclear magneton, I is the spin operator, and 
j and & are the numbers of two nuclei at a distance rjx It is hopeless oa Es 
to calculate all the eigenvalues of this system; fortunately Van Vleck aLeteee 
how to calculate the second and fourth moments of the line width: AH? and AH?# 

Z will not give here the results for different types of lattices, but 
one point is important: the second moment - which is the only one we shall 
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Fig.1. Position of a proton 
pair (H and H) in a con- 
stant magnetic field. 
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Fig.2. Splitting of doublet 
associated with a two-proton 
system having a proton- 
proton separation of 1.58 A 
as a function of the direc- 
tion of the magnetic field. 
The circumference is scaled 
in values of ~. The curves 
correspond to different val- 
ues of 5: 1) 248 = 11(3 cos 
@ - 1), 2) 208 & 11(3 cos 
24°-cos*p - 1), 3) 24H = 

= 11(3 cos” 40°-cos @ - 1) 
and 4) 2AH = 11(3 cos@ 629°- 
“cos? @m - 1) gauss. 
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consider -— depends on r®. This result tells 

us that in the first approximation it is pos- 
sible to consider only the nearest neighbors of 
each nucleus: the line shape is determined pri- 
marily by the molecular groups in our probe. 

Let us examine the case in which only two nuclei 
are close together: we call it a two-proton sys- 
tem. We can distinguish two cases: 

a) Single crystal. Here all proton-proton 
directions are parallel to each other; the local 
field of each proton is the same. We shall have 
a doublet with a separation between its compo- 
nents equal to 

FL, 


Loe = 2k & (8c0s? 6 cos? » — 1), 

2) Es 
where & = 5 pa : (u is the nuclear moment, and 
a is the proton-proton separation). The angles 
are defined in Fig.l. 

If we rotate the crystal around the axis 
perpendicular to the z-direction, we will ob- 
tain the distances between the doublet components 
for different angles § (Fig.2). Thus it is easy 
to determine the proton-proton separation and 
direction in this manner. 

b) Powder. If all proton-proton systems 
are distributed randomly, we can calculate the 
second moment: 


AH 9 1 
AH? == 59 TH ay e 


From this quantity we again can readily deduce 
the proton-proton separation. 

These methods were applied to crystals of 
gypsum by Pake and others; we shall see that 
they are suitable for investigation of more com- 
plicated systems as well. 

Our measurements were made with an autodyne 
detector in the gap of a permanent magnet yield- 
ing a 3000 gauss field. A block diagram of the 
set-up is shown in Fig.3. The following results 
were obtained. 

1. Rochelle-salt. The positions of the K, 
Na, C and O atoms are known from the x-ray dif- 
fraction measurements of Beevers & Hughes, but 
we know nothing about protons. On the other 
hand, it seems certain that the protons, or 
more accurately speaking, certain definite pro- 
tons, are responsible for the ferroelectric be- 
havior of this material. 


In first approximation it is possible to use the derived equations for 
explaining the proton absorption curves; this means that the line shape is 
mainly determined by the protons in the H90 molecules that are bound in the 


- 1068 - 


crystal. But in this case, we have in a unit 


oo a cell not just one but 16 different Hg) mole- 
Bien 2 ar | cules. ; i 
ia ieee Sener me ee First, we investigated the powder an 
ana [sf | | found 


| | = 

| Ax? = 18.3 gauss?; 
== 
NS 


when the temperature was raised above the up- 


Fig.3. Block diagram of per Curie point (24°C) , the second moment sud- 
radio-frequency spectrometer: denly fell off to 

1) magnetizing current leads, = 

2) modulation coil, 3) phase A H? = 15.1 gauss?. 

shifter, 4) power amplifier, 

5) low-frequency oscillator, This effect cannot be interpreted as due to an 
6) indicator, 7) autodyne increase of the proton-proton distance; such 
generator and detector, 8) a dilatation would be detectable macroscopical- 
low-frequency amplifier, 9) ly. We have to assume that some protons are 
amplifier input, 10) record- beginning to oscillate. 

ing unit, 11) oscilloscope. The results of our measurements on single 


crystals are shown in Figs.4 & 5. 

The designations A-, B- and C-crystals mean that the axis of rotation was 
parallel to the a-, b- and c-axis, respectively. The absorption curves were 
plotted from the derivatives by numerical methods. Only one doublet was ob- 
served. This result was at first rather discouraging, but, as follows from 
the above analysis, if we know the position of a doublet in one orientation 
of the crystal in the field, we can calculate the doublet separation for all 
other orientations. Thus, we reduced the absorption lines by subtracting the 
first doublet. We thus found another doublet and so on. Proceeding in this 
manner, we succeeded in finding the orientation of the proton-proton directions 
in all 16 molecules. Here is the result. 


7: 0,,=+6°, b,, =k7, 
8: 9,,= + 65°, By gE 28°, 
9:0,, =435°, 84g E38", 
10:0,,,= +30 if 6 


These numbers of the water molecules correspond to the notation of Beevers & 
Hughes. 

Subsequently, by applying an additional electric field to the single crys- 
tal, we were able to establish the character of the variation of the second 
moment, which is caused by the spontaneous polarization. Further work is in 
progress on single crystals with different orientations. It would appear 
feasible to determine the positions of the protons responsible for the ferro- 
electric properties of different salts. 

. 2. Epoxy resins. We investigated the polymerization of an artificial 
resin; the German word is'Epoxyd-Harz'. It consists of molecules of the 
type shown in the diagram below. These molecules are bound by other molecules 
which are mixed in with them. ; 

You see that there are two different proton groups of interest: the two 
protons of the benzene and the methyl group - CH3. 
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Fig.4. Absorption curves of A-crystals at different values of 9. 
At right - original curves made by the recorder; at left - absorp- 
tion curves plotted on the pasis of the recorded curves. Here 
is the angle between the b-axis and the direction of the magnetic 
field. 
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Fig.5. Same as Fig.4 but for B- 


crystal. Here 0) 
the c-axis and the magnetic fie 


is the angle between 
ld direction, 


- 1071 - 


See aranaeaas 
Pea Waw abs eee 


StH 


aiff ais “4 vy) 4 é 2 
foe loc eos 


A Fig.6. Same as Fig.4 put for C-crystal. Here @ is the angle be- 
tween the b-axis and the magnetic field direction. 
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Diagram of unsolidified epoxy resin 


In this case we could not obtain single crystals, so we calculated only 
We obtained 


=e 
H 


In preparing a sample, we at first get a liquid - a rather difficult probe - 

which begins to harden macroscopically about 1.5 hours after the preparation 

of the mixture. Microscopically, we found that the process of polymerization 
begins after about 20 minutes: at the end of this period we observed broaden- 
ing of the initial narrow line. Exact measurements gave the result shown in 
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the second moments. 
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H=16 gauss” and a HH = 10 gauss 
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Let us examine curve 2. 
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Fig.7. Variation with polymerization 
time of the second moment of the ab- 
sorption curves of the protons in 
epoxy resin: 2) normal composition 

of the resin; 3 and 6) low proportion 
of epoxy molecules; 4 and 5) high pro- 
portion of epoxy molecules. 


to about 10 gauss”. 


After 1 hour; 
the second moment increased to about 
ive gauss”. It remains constant for 
20 hours and then it increases further 
These results 
show that the mobility of the long 
Chains is hindered almost from the 
start; the benzene rings become rigid 
after about 1 hour; the methyl groups 
are still rotating at this time. This 
lasts for about 24 hours when these 
groups too are fixed by the neighbor- 
ing molecules. 

The other curves pertain to other 
mixtures and we have no time to dis- 
cuss them here. At present I cannot 
give more details regarding polymeriz- 
ation processes and the problems which 
may be solved by nuclear induction 
methods. 


In principle, I wished to show that the phenomena of nuclear magnetism 


are applicable today to the solution of 
with the structure of solids. 


Physical Institute 
Leipzig University 


complicated problems having to do 


SS iy. 
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RECENT DEVELOPMENTS IN THE FIELD OF PARAMAGNETIC RELAXATION 
- C.J.Gorter 


Summary 


A few years ago it looked as if the main phenomena of paramagnetic relaxa- 
tion up to frequencies of 10° cps could satisfactorily be described by a spin- 
lattice relaxation obeying the formulae of Casimir and Du Pré plus a short 
temperature independent spin-spin relaxation according to Waller and Broer. 

In two respects this picture has now been found to fail. At liquid hydro- 
gen temperatures rather slow temperature independent relaxations were found to 
occur inside the spin system. Only the old Kronig-Bouwkamp theory seems to be 
able to account for these relaxations. 

At liquid helium temperatures the bottle-neck of the low frequency relaxa- 
tion was found not to be the spin-lattice interaction but in many cases the 
transport of energy to the bath by a fraction of the lattice oscillators. A 
confrontation with the saturation of microwave resonance is being carried out. 


1. Most of the data obtained on paramagnetic relaxation down to liquid 
air temperatures could find an adequate description by the formulae of Casimir 
and Du Pré. The data compiled for each substance 
could then be presented by giving the value of 
b/C and the relaxation time T as a function of 
the temperature T. The dependence of Tt on the 
external field He was often in agreement with 
the Brons-Van Vleck formula, thus only leaving 
the constant p, indicating the ratio of the 
c-values at zero field and infinite field, to 
be quoted. Curie's constant C being known, the 
value b in the expression for the specific heat 
of the spin system b/T2 can thus be determined 
with a good accuracy. Its value in general agrees 
reasonably well with the data independently ob- 
tained on this specific heat by caloric deter- 
minations, adiabatic demagnetization and the 
structure of microwave magnetic resonances. The 


Fig.1. y” divided by its relaxation time tT is, according to Waller, Fierz, 
value at H, = 0 as a func- Kronig and Van Vleck, determined by inelastic 
tion of the parallel field phonon-scattering (the socalled quasi-Raman ef- 
He in Crk (S04) 9° 12H20 at fect), the coupling between the lattice waves 

20. 4°K and the spins being due to orbital moment 


coupled to the latter. Its dependence on T and 
He is not understood in all details, e.g-, the anomalous temperature depend- 
ence in the Gd-salts, but there is general order-of-magnitude agreement be- 
tween theory and experiment. 

In order to account for the data on the absorption coefficient xy” a term 
xX 07’w/(b + CH”), © being the angular frequency, is usually added to the Casimir- 
Du Pré expression for y”- This term characterizes the (small) deviation from 
Casimir and Du pre's basic assumption that the spin system is at any moment 
in internal equilibrium. 

This term has been given a somewhat different form by Shaposhnikov. 

We shall now discuss recent data which do not agree with the simple scheme 
sketched above as well as the theories proposed so far to account for these 
deviations. In section 2 the relaxation inside the spin system will be con- 
sidered and in section 3 the relaxation at liquid helium temperatures. 


Fig.2. Same as Fig.1 but + 
Mn (NH 4) 9 (SO 4) 9° 6H20 at 20.4 K. 


j 
— aa) s 10 20 so 100 Me 


Fig.4. Ratio of y” to its value 
at He = O as a function of the 

frequency for different values 

of the parallel field H, in 

Crk (S04) 9°12 H90 at 20.4°K. 


400 


300 


OR ele) G8) 100 Me 
Fig.5. Same as Fig.4 but for 
CrNH4 (S04) 9°12 H20 at 20.4%, 
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Fig.3. Same as Fig.1 but in 


2. At liquid hydrogen temperatures in 
many salts the relaxation times T are of the 
order of 10-5 sec, leaving the easily at- 
tainable frequency interval between 10° and 
108 Hz free from spin-lattice relaxation. 
Caloric measurements on y” have been carried 
out, in cooperation with Smits, Derksen 
and Verstelle, in a series of non-diluted 
and diluted powder-samples from 106-108 cps 
as well as heterodyne and bridge measure- 
ments on y’ and y” from 109-10‘ cps. Figs. 
1, 2 and 3 give the dependences of xy” on H, 
in a number of salts, the dotted line indi- 
cating the expectation for tT' constant. 
Figs. 4, 5 and 6 give dependences of y” on 
the frequency while Fig.7 gives an example 
of data on y’ as a function of Hy. 

It is possible to divide the substances 
in three groups: 
A - those having 
an anomalously 
high y” at low 
fields’ @ig.a, 

4 and 5). 

B - those having 
a rather steep 
decrease of ,’ 
in low fields 
but an extra 
contribution 


in much higher 
Fig.6. y” as a function of fields (Fig.2 


the frequency for differ- and 6) 

ent values of the parallel C - those having — 
field» H.)in a normal behavior 
Mn (NH4) 9 (SO 4) 9° GH20 in low fields and 


loa 20 SO 100Mc 


- 1075 - 


. also an extra contribution in high 

i fields (Fig.3). 

The substances of group A have 
electrical splittings of their basic 
levels which are mugh higher than 
their magnetic broadening. In those 
of group C, on the contrary the mag- 
netic broadening is preponderant. In 
group B the two effects are of the 
same order of magnitude. That this 
deviation has sense is proved by the 
fact that a salt belonging to B joins 
group A if its magnetic interactions 
are reduced by diluting with non- 
magnetic material. 

The first relevant theory was 
that of Kronig and Bouwkamp who in 
a 10 @ 20 2g JO rai 1938 suggested that the decisive con- 


Mp, Oe dition for a spin, that changes its 
Fig.7. Variation of the ratio of re orientation is that the vector sum of 
to its value at H, = 0 as a function the external field and the momentary 
of the parallel field H, in CrK(S04)9° field due to its neighbours happens 
°12 Hj0 diluted with Al(1 ; 20) at to be zero. This is a much rarer event 
20.4°K and different frequencies: ake OY : Pees (the root mean square in- 
pee) 0.5, 3) 1, 4) 3, 5) 6 ternal field) and thus T' is expected 
and 6) 10 Mc. to be proportional to exp (Hp?/H42) - 


In 1942 Broer has remarked that this would only apply 
to the diagonal elements of the magnetic moment while 
the non-diagonal elements would give a constant non- 
relaxing contribution to the adiabatic susceptibility 
Xad- For chromic ions he made some computations lead- 
ing to a dependence of yaq on the field, which appear- 
ed to be in disagreement with all then available data. 
Broer thus rejected the Kronig-Bouwkamp theory and 
later argued in a theoretical paper that T' should 
not increase with rising Hg but even decrease some- 
what. 

Now it is found that the lowest curves of Fig.7 
are almost identical with Broer's rejected 1942 
prediction. So apparently the Kronig and Bouwkamp 
reasoning gives the right answer. The results for 
oH group B and C agree with their prediction though 
Fig.8. Logarithm of the perhaps t' does not increase quite so rapidly as was 
average relaxation time predicted. To understand the relaxation times found 
(log p = log Tay + log in the salts of the A group, crossing over of energy 
2x) as a function of the levels should be taken into account. 


oleg= 25 | 38 


logarithm of the paral- 3. In the liquid helium region no single spin- 
lel field H,. Samples lattice relaxation times are found but a wide region 
of FeNH, (S04) 9°12H20 of relaxation times which are not very reproducible 
diluted by different and are very structure sensitive. In nondiluted 
amounts of Al: 1) un- salts Tay usually increases with H,,;while in diluted 
diluted, 2) 1 to 3, salts Tay is considerably larger but often decreases 


3) 1 to 18 and 4) 1 to. in high fields proportional to Ho”! (Fig.8). The 
61. dependence on the temperature varies from T=JELO 


ze Ae Rhye) CRU Aad Ge 


as Oy Core 


about T-l-5 in the most diluted salts (Fig.8). 
The spin-lattice relaxation at these very 
low temperatures would theoretically not be due 
to inelastic scattering but to direct absorption 
and emission of phonons. Thus we expect to have 
rather narrow bands of crystal oscillators, that 
are "on speaking terms'' with the magnetic ions. 
Van Vleck has suggested that it is not the spin- 
lattice interaction which forms the bottleneck 
determining the average relaxation times but the 
| transfer from the relatively few oscillators "on 
speaking terms'’ to the other oscillators or the 
liquid helium bath. As a matter of fact the spin- 
lattice interaction would lead to large fields 


2+ 


x ; det = and low concentrations of the magnetic ions to 
ef Egg Eos 7~T-H-c?, which does not at all fit with the 
Fig.9. Absorption y” and experimental data (c is the concentration of 


dispersion ,’ in a pressed magnetic ions). The other bottlenecks having to 
jot Oae FeNH4(S0 4) 9° 12H90 do with the oscillators "on speaking terms" appear 


at 2.88°K at different to have sufficient flexibility to account for many 
values of the parallel of the complicated data (Fig.9). A provisional 
field. and rough model leads to 7,,~T~H.-—c in high 


fields and to ;,,~T(0+ CH)c?’ in low fields 
which account for a fair portion of the experimental data collected in coopera- 
tion with Van der Marel and Van den Broek. 

Exchenfelder and Weidner have studied the saturation of paramagnetic ab- 
sorption when the microwave power is increased in a few crystals. They con- 
clude to the existence of much shorter relaxation times which have the depend- 
ence on T to be found if the bottleneck in their experiments were the spin- 
lattice interaction. Investigations are under way to decide whether this is 
due to a much stronger excitation of the oscillators "on speaking terms” than 
occurs in the usual measurement of paramagnetic relaxation. 


Kamerlingh Onnes Laboratory, 
University of Leiden 
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TEMPERATURE DEPENDENCE OF THE MAGNETIC ANISOTROPY ENERGY IN NICKEL 
- I.M. Puzei 


The energy of the magnetic anisotropy of nickel has been investigated by 
a number of authors. The results obtained, however, are extremely divergent 
owing to the fact that different techniques and specimens are used in the dif- 
ferent investigations. This observation also applies to investigations of the 
temperature dependence of the magnetic anisotropy constant. Thus, for example, 
in the region of hydrogen temperatures Honda, Masumoto & Shirakawa! and Wil- 
liams & Bozorth? obtained markedly different anisotropy constant values. 

Vonsovskii? was the first to demonstrate the theoretical possibility of 
a change in the sign of the anisotropy constant. The results of Honda, Masu- 
moto & Shirakawal support this deduction. The experimental data obtained by 
these investigators for the region of higher temperatures are only approxi- 
mate, however, due to the small values of the anisotropy and the inherent 
limitations of the experimental technique employed. 

Hence we felt it would be of interest to investigate the temperature de- 
pendence of the magnetic anisotropy of nickel both at low and at high tempera- 
tures. In our experiments we measured the torque acting on a single crystal 
specimen in a magnetic field and calculated the first anisotropy constant 
from the recorded values. 


1. Specimen 


The single crystal was grown by slow cooling of a melt in a high frequency 
vacuum furnace. The chemical composition of the specimen was 99.8% Ni, 0.035% 
Co, 0.008% Fe, 0.02% Cu, 0.009% S, 0.03% C, and 0.001% Pb. The specimen was 
cut in the shape of a sphere and after removal of the hard surface layer by 
etching with acid was heat treated by heating in vacuum at 1000° for 4 hours, 
followed by cooling with the furnace. 

The diameter of the specimen was approximately 9 mn. The maximum dif- 
ference between diameters in different directions after light grinding with 
chromium oxide compound was reduced to +0.0005 mm. The direction of the crys- 
tal axes was determined by means of x-rays with an accuracy of +1°. The densi- 
ty of the specimen at +20° was 8.926 e/em, 


2. Anisometer 


A diagram of the anisometer is shown in Fig.l. It consists of a Dewar 
flask 1 surrounding the hermetically sealed insert 2 with the specimen holder 
4 and a heating element wound on the copper cylinder 3. At the bottom end, 
the specimen in the holder is centered by means of the fine tungsten wire with 
known torsional characteristics. On top, the movable system has a mirror 6, 

a massive copper damper ring 7* and is centered by means of the elastic fila- 
ment 8. This top filament was a length of wire made of a special watch-hair- 
spring alloy with a small temperature coefficient of the elasticity modulus. 
The modulus of elasticity of the upper elastic filament was much greater than 
the modulus of elasticity of the lower tungsten wire. 

The temperature of the specimen was measured first by a copper-constantan 
thermocouple (5) and then by means of a platinum thermometer which was cali- 

*The stationary ring of the damper is assembled of permanent magnets 
made of magnico alloy. 
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brated beforehand with refer- 
ence to a standard platinum 
thermometer. The thermo- 
couple and the platinum thermo-) 
meter were in thermal contact 
with the specimen. In the 
low temperature region the 
accuracy of temperature mea- 
surement was +(0.2-0.3)°; 

at temperatures above 83°K 

the accuracy was better. 

The inside of the insert 
was evacuated. Upon attain- 
ment of thermal equilibrium 
in the Dewar between the 
specimen and the liquid cool- 
ant, the heater was switched 
on and any desired intermedi- 
ate temperature established. 
A cryostat of this type al- 
lows of maintaining inter- 
mediate temperatures with 
very little change over a 
period sufficient for per- 
forming the necessary measure- 
Fig.2. General view of ments, provided only that the 
electromagnet. current through the heater 

and the level of the cooling 
liquid in the Dewar are kept constant. We measured the 
temperature of the specimen at the beginning and end of 
each experiment and took the average value. 


Fig.1. Cryostatic The entire assembly was clamped to a massive bracket 
anisometer: 1) De- built into the wall with the narrow lower part of the De- 
war, 2) insert, war in the gap of the electromagnet. 

3) cylinder with 

heating winding, 3. Electromagnet 

4) specimen, 5) 

thermocouple, 6) In order to obtain the requisite strong and uniform 


mirror, 7) magnet- fields, we designed a special electromagnet weighing 3.5 
ic damper, 8) cali- tons. A photograph of this electromagnet is reproduced 
brated filament. in Fig.2. It consists of a yoke 830 mm in diameter, 
tapered winding-carrying cores having a base diameter of 

660 mm, movable insert cores 200 mm in diameter, a suitable rotating contact 
assembly, a blocking rheostat, a set of pole pieces and diverse accessories. 

The yoke and winding-carrying cores are cast of decarbonized Armco type 
steel. The insert cores and pole pieces are made of a better grade carbon 
free forged iron. The winding is of square conductor with a cross section 
area of 25 mm?; the maximum rated capacity is 170,000 ampere turns. The coils 
are air cooled. This electromagnet differs from an earlier version, described 
in Ref.5, by a more efficient shape of the magnetic components and A more 
regular distribution of the magnetic flux, as well as by the possibility of 
obtaining stronger and more uniform fields in a larger volume. 


=O oe 


The magnetization curves for the 
present electromagnet with different gap 
widths are shown in Fig.3. It will be 


H, oersted 


evident from the curves that using iron 
pole pieces one can obtain the following 
fields: 
Diameter, mm Gap, mm Field, oersted 
100 50 25 ,000 
100 15 30 ,000 
U4 6 80 0 0l,amp. aa i a 
7,000 


Fig.3. Influence of the gap 
width on the magnetization 


Undoubtedly by employing Permendur pole 
curves of the electromagnet. 


pieces even stronger fields could be obtained. 


4. Computation of the anisotropy constant 


Our procedure consisted of measuring at different temperatures and field 
intensities the torque acting on the specimen in the (100) plane for 24 dis- 
crete orientations of the field, i.e., at 15° intervals. From the experiment- 
al data, using Bessel's equations familiar from harmonic analysis, one can 
calculate the amplitude of the fourth harmonic and from this readily compute 
the anisotropy constant. In cases when the anisotropy constant is large, this 
method of calculation does not give its true value, inasmuch as technical sat- 
uration is not attained in the highest available fields. In such cases it is 
necessary to extrapolate to an infinitely strong field. To this end, it is 
convenient to use the variation of the torque as a function of the field 
strength in the analytic form given by Akulov®: 

== are sin gp +z are sin =. 

Here it is assumed that the anisotropy constant K is field independent. 
This formula was fundamental for our extrapolation. An analogous extrapola- 
tion procedure was employed by Shubina’. 


5. Torque measurements 


The accuracy of the torque measurements is determined by the accuracy of 
evaluating the resilience (stiffness) of the elastic elements (i.e., the tor- 
sion filaments) of the anisometer, the accuracy of reading the deflections of 
the mirror and the accuracy of measuring the angle of the magnetic field. The 
error in determining the resilience of the elastic system of the anisometer 
is evaluated to be 0.2%; the uncertainty in reading the deflection of the 
light beam is 0.3% on the average; the angular position of the magnet was 
read to within 0°7.5' (consequently, this uncertainty was appreciably smaller 
than the others). Thus the uncertainty as regards determination of an indi- 
vidual torque value amounted to about 0.5%. As was noted above, however, 24 
torque values are used for determining each anisotropy constant value. In 
view of this the accuracy of determination is enhanced and the uncertainty 
amounts to only about 0.3%. The accuracy of the temperature measurements was 
indicated above. At high temperatures the anisotropy constant is very ooo ae 
The accuracy of its determination, however, remained virtually the same inas~ 
much as with decreasing magnitude of the anisotropy constant (increasing 
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temperature), we replaced the elastic elements (the torsion filaments) succes- 
sively by more sensitive ones. At low temperatures it proved necessary to 

take into account also the stiffness of the mounting bracket built into the 
wall inasmuch as at these temperatures the torque acting on the specimen and 
transmitted to the mounting bracket is sufficiently great to deform the bracket 
to a slight but noticeable degree. 


6. Results and discussion 
The results of our measurements of the anisotropy constant K at different 
temperatures and in different fields are shown in the accompanying table. In 


the last column we list the values of K extrapolated to H = oo. 


Temperature and field dependence of the anisotropy constant of nickel 


E e | HB F =A 3 » . = 3 
Noe | gee tres oersted ce 10-“erg/cm| Kx 10° “erg/am 


{ 11 250 103,44 105,36 

2 14 150 104, 26 105,46 

3 2528 20,4 15 200 104,60 105,63 

4 16 300 104,75 105,64 

5 $7 120 104,84 105,65 

6 eyed 36,4 40 000 98 , 26 102,18 

z —195,6 77,6 7 600 74,89 76, 40 

8 —161,4 111,8 13 800 55,98 56,16 

9 —146,6 126.6 7530 48,69 49,10 

10 —132,8 140,4 13 860 41,72 41,80 

44 —109,1 164, 4 7520 31,18 31,29 

12 S902 183,0 7500 25,88 25,94 

13 ES) 234.3 7500 13,29 13,30 

14 1633 256,9 13 875 9,79 9/80 

15 4+ 29,5 302,7 7 600 4,64 4,64 

16 34.6 307,8 7 800 3,95 3,95 

17 59.6 332,,8 7 750 2,55 2,55 

18 80,4 353.6 7150 4,72 4,72 

49 120,6 393,8 7070 0,712 0,712 
20 139, 2 412, 4 6 900 0,429 0,429 
21 159.3 432.5 6 820 0,235 0,235 
22 180,0 453,2 6 830 0,102 0,102 
23 195.6 468,8 6 730 —0,042 0,042 
24 218,7 491,9 7 400 —0,007 —0,007 
25 235,0 508,2 7 300 —0,024 —0,024 
26 256,6 529,9 7275 —0,030 —0,030 
27 271 ,8 545 ,0 7 150 —0,030 —0,030 


The variation of the magnetic anisotropy constant as a function of the 
temperature is also shown graphically in Fig.4. The dots in the breaks in 
the curve are the experimental points. In plotting the curve we used values 
of the anisotropy constant measured in fields of as nearly the same value as 
possible. In principle, of course, one should use values of the constant 
measured in a field of exactly the same intensity. The dash line shows the 
aoe obtained by extrapolating the values of the anisotropy constants to 

Says 

It will be noted that the anisotropy constant has a very high value at 

paduid hydrogen temperature. In an 11,250 oersted field, it equals 103.4- 

ee ere/cm* the magnitude of the constant extrapolated to H = wm is 105 36° 
°10* erg/cm’. This value is in good agreement with the results of Honda 
Masumoto & Shirakawa! who report K = -100-104 erg/cm3, but differs ereatr 

from the data of Williams & Bozorth? who obtained a value of K = -78-104 eras 
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within 3 ey At the temperature of liquid nitrogen 
~K: 10 erg/on"  -K+ 10 “erg/an® Briukhatov & Kirenskii8 eee Kc 5 
we ler eyo | = -64.6-104 erg/em3. This differs appreci- 
ably from our value of K = -74.89-104 erg/ 
/om? (H = 7600 oersted). The empirical 
formula deduced by these investigators for 
the variation of K as a function of the 
temperature has a noticeable tendency to 
saturation even at 90°K. It will be seen 
from the curve reproduced in Fig.4 that there 
is no such tendency evident down to 20.4. 
The disagreement between our data and 
the results of Rriukhatov & Kirenskii® and 


~——- +}. ee be ens 
Oo WO =200— 0D aS pail Bozorth? may be explained by differences in 


the purity of the specimens and by the fact 


that these investigators apparently employed 
of the anisotropy constant of insufficiently strong fields. 


Fig.4. Temperature dependence 


nickel. As may be seen from the table and Fig.4, 


at high temperatures the anisotropy constant 
of nickel changes sign, i.e., goes through zero, at about 217°C. Above this 
temperature and up to 272° it is small, being equal approximately to +300 
erg/cm3. Thus the change in the sign of the anisotropy constant predicted by 
Vonsovskii is actually observed in nickel. 

The change in sign of the anisotropy constant must be evinced in the mag- 
netic properties of the material, specifically the initial and maximum perme- 
abilities, which must be greatest at the temperature corresponding to K = 0. 
According to the data of Bozorth?, at 200° there are observed maxima of the 
initial and the maximum permeabilities of nickel. This temperature is close 
to the temperature of the change in sign of anisotropy constant found in the 
present investigation. According to the data of Honda, Masumoto & Shirakawa , 
the temperature of the change in sign is 100° (see Ref.4). 

In their recent theoretical work Tiablikov & Gusev19 give a quantum 
mechanical calculation of the temperature and field dependence of the magnetic 
anisotropy constant of cubic crystals. Their treatment is based on the polar 
model of a metalll, Taking into account the symmetry of the lattice, these 
authors deduce a new approximate expression for the Hamiltonian and then by 
means of the method of approximate second quantization calculate the sum- 
over-states and the free energy. Expansion of the free energy in a series in 
terms of the direction cosines of the total magnetization vector of the system 
leads to a formula for the first anisotropy constant. 

In the case of sufficiently strong magnetic fields, where cos(HJ,;) = 1, 
the formula deduced by Tiablikov & Gusev can be written in the form 


k= afi (iE mn 


where § — —7J. (J. is the mean exchange integral). hg 

The formula is valid at temperatures at which Ja kl = Jo, where /4 
is a quantity characterizing the electron interaction in a ferromagnetic 
crystal. 

Utilizing our tabular data one can evaluate the order of magnitude of the 
constant entering into the above formula and compare the experimental field 
and temperature dependences of the anisotropy constant with the variations 
predicted by theory. Most suitable for the purposes of such comparison 18 
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the field dependence of the anisotropy con- 


_K: 10-4, erg/cn® stant of nickel at 20.4%. 


WG [ 


Za = See == | 


Taking w= 0.927°10729 erg/gauss and 
k = 1.372°1071© erg/degree, let us take the 
first and fourth values of K from the table 
for T = 20.4°K and substitute them in the 


103* 
if 


formula. Eliminating K, from the two equa- 


merece tions obtained in this manner, we find 
Fig.5. Field dependence of the 
anisotropy constant of nickel @= 4.0°10714 erg/atom and 
at 20.49. Line - theoretical J.= 2.10714 erg/atom. 
curve based on the data of 
Tiablikov & Gusevl9; points - From its definition @ must be of the 
our experimental values. order of the product of Boltzmann's constant 


by the Curie temperature; this is in fact 


the case. 

The solid line in Fig.5 shows the variation of the anisotropy constant as 
a function of the field at 20.4° calculated according to the formula of Tiabli- 
kov & Gusev; the points are values taken from the last column of our table. 
We see that the theoretical curve gives a correct indication of the actual field 
dependence of the magnetic anisotropy constant of nickel. 


Institute of Precision Alloys, 
Central Scientific Research Institute of Ferrous Metallurgy 
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; SUPERSTRUCTURE AND THE TEMPERATURE DEPENDENCE OF THE MAGNETIC ANISOTROPY 
ENERGY OF NICKEL-IRON ALLOYS 


- I.M. Puzei 


Introduction 


Order-disorder transformations in alloys consisting of atoms with differ- 
ent magnetic moments have a strong influence on the character of their magnet- 
ic interaction and, consequently, on the removal of directional degeneracy, 
i.e., on the anisotropy of their magnetic properties. As is known, nickel- 
iron alloys have the ability to form ordered structures and, consequently, in- 
vestigation of the magnetic anisotropy energy of the crystal lattices of Ni- 
Fe alloys under different conditions (structure and composition of the alloys, 
temperature, field, etc.) is of particular interest where elucidation of the 
nature of the ordering process is concerned, for the behavior of the magnetic 
anisotropy energy in these alloys is distinctive. 

Nickel-iron alloys are now widely used in engineering and technology, 
primarily in the quality of high permeability alloys. Their magnetic proper- 
ties as a whole depend to an appreciable extent on the magnetic anisotropy; 
hence the temperature behavior of these properties is closely associated with 
the temperature dependence of the anisotropy. 

Until now there have been virtually no studies of the temperature depend- 
ence of the anisotropy energy of nickel-iron alloys. The purpose of the 
present investigation was to determine the temperature dependence of the aniso- 
tropy energy of binary Ni-Fe alloys as well as the variation of the anisotropy 
energy of permalloy type alloys, containing molybdenum, chrome and copper, 
with the degree of order. 


Samples 


The investigation was carried out on single crystal samples of spherical 
shape. The samples were prepared by slow cooling of the appropriate melt under 
vacuum (10-2 mm Hg). The initial materials used for the preparation of the 
specimens were the following: 


1) Ni - 99.88%, C - 0.03%, remainder Co, Fe, Cu; 

2) Fe - 99.81%, C - 0.02%, Cu - 0.04%, Mn - 0.05%; 

3) Mo - 99.36%, Fe - 0.6%; 

4) FeCr; Cr - 69.9%, Si - 0.14%, C - 0.07%, remainder Fe; 
5) Cu - refined electrolytic. 


The extent of liquation in the specimens was determined by chemical analy- 
sis. At the two diametrically opposite points of the specimen along the line 
of growth of the crystal the difference in local composition was less than 
0.1%. The investigated samples are characterized in Table l. p 

After etching in acid the samples were annealed in vacuum at 1000”~ for 
3 hours and then cooled with the furnace. 

X-ray diffraction studies by the back-reflection technique showed that 
the specimens had the usual structure peculiar to all crystals obtained from 
a melt and having an appreciable width of the Darwin curve. ile same samples 
were used for investigating ordering effects by the neutron diffraction pro- 
cedure. Neutron diffraction patterns obtained by SISAL ake Ma the erystal 
planes showed that samples Nos.1,2 & 3 had sharp maxima 30-40' wide, while 
samples Nos.4,5 & 6 had 2° wide maxima. 
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Table 1 


Composition of the investigated samples 
a 


Sample Ni Fe ts oP a 

No 
{ 76,4 23,6 on = - 
D) 53,6 46,4 rae “a ume 
3 Thain 74 20,8 4,0 _ “= 
4 78,3 ATO — Sis a5, 
5 78.4 16,2 oe 5,4 aa 
6 14.5 228 — = mie 


The character of the maxima gives us a clear indication of the structure 
of the specimens: in the case of sharp narrow maxima we have single crystal 
specimens, while in the case of broad maxima the specimens have the fragmented 
structure frequently obtained in growing"single crystals*from a melt. In the 
latter case the crystal consists of blocks disoriented by +1°, Where investi- 
gation of the anisotropy is concerned this structure can introduce no sub- 
stantial errors and hence for our purposes all the specimens could be regarded 
as single crystal ones. 

In order to avoid large errors in measuring small anisotropy constant 
values, the specimens were brought to as nearly spherical shape as feasible. 
The maximum diametral difference (relative to the mean diameter) did not ex- 
ceed +0.0005 mm. 

In order to obtain the ordered state the samples were subjected to pro- 
longed annealing for 600 hours with the temperature being reduced in steps in 
the range from 600 to 300°. In order to obtain intermediate degrees of order 
the specimens after the preliminary 600 hour anneal were heated at each given 
temperature, beginning with 300° and ending with 600°, for 3 hours and then 
quenched in oil. Sample No.1, in addition, was investigated after a series 
of isothermal anneals averaging 100 hours each (total heating duration of 
about 600 hours) first in the direction of ordering and then in the direction 
of disordering. Sample No.4 was also investigated after prolonged anneals of 
48 to 72 hours each with a total heating duration of 400 hours in the direction 
of ordering. 

After the heat treatment the samples were mounted in the anisometer holder, 
in each case being carefully and rigorously oriented with reference to appro- 
priate gold lines applied electrolytically beforehand. The equipment and ex- 
perimental technique as well as the accuracy of measurement are fully described 
in Ref.1 (the preceding article). 


Neutron diffraction studies 


The results of our neutron diffraction studies have been given in detail 
in Ref.2 and hence will only be summarized here. 

In addition to the samples listed in Table 1 we also investigated three 
single crystal specimens having the following compositions: 82.6% Ni + 17.4% 
Fe, 70.4% Ni + 29.6% Fe and 49.8% Ni + 50.2% Fe. After annealing for 600 hours 
in the temperature range from 550-300° the Ni-Fe alloy specimens were character- 
ized by the following values of the long-range order parameter nN: 


Ni content, % 82.6 16 «Ass 50104 49.8 
Long-range order, 7 0) 0.8 0.9 0 


= AOsYS) 


The asymmetry of the long-range order rela- 


te tive to the NisFe composition is evident: in- 
el creasing the Ni content by 6.2% led to complete 
Ly disappearance of the long-range order, whereas 
ae) a reducing the Ni content by 6% resulted in a 
4 , noticeable increase in the degree of long-range 
ee order as compared with the Ni3Fe alloy. This 
£ a asymmetry is characteristic of many of the 
2 500 400 500 oa properties of this system and is particularly 
annealing temp.” C evident in the composition dependence of the 
Fig.1. Variation of the anisotropy constant of ordered alloys?, the 
degree of long-range order electric resistivity4, the transparency of the 
in sample No.1 (Ni3sFe) with alloys to neutrons”, etc. In connection with 
the isothermal annealing this, in Ref.2 we suggested that the principal 
temperature. contribution to the ordering energy comes from 


the exchange energy. 

This inference is substantiated by the fact that no superstructure is 
formed in the alloy with 50% Ni. If the ordering energy were primarily elastic 
or electrostatic in character superstructure should appear, while slat qwinays} tepevene= 
gy is of ferromagnetic origin the ordered phases would have a laminar structure 
and this would give rise to unfavorable conditions for the appearance of the 
ferromagnetic state. 

The curve shown in Fig.1 is based on the results of our investigation of 
the degree of long-range order in the Ni3Fe alloy (sample No.1) after differ- 
ent isothermal anneals. It is interesting to note that evaluation of the 
size of the ordered regions on the basis of the width of the neutron diffrac- 
tion peaks by means of the Seliakov-Sherer formula showed that the dimensions 
of the ordered regions after annealing for 600 hours are of the order of 30 Jake 

After annealing for 600 
hours samples Nos.3 & 6 had 
long-range order parameters 
71 = 0.3 and 0.75. Copper and 
chromium have different ef- 
fects on the ordering (in the 
case of chromium, apparently, 
superstructure of the Nig(FeCr) 
type is formed. In alloys con- 
taining molybdenum (samples 
Nos.4 & 5) the long-range order 
after 600 hour annealing proved 
to be zero, but these samples 
exhibited a strong dependence 
of their physical properties 
on the heat treatment owing 
presumably to short-range 


wa ee B ordering. 
annealing temp. ~C 
Fig.2. Variation of the anisotropy constant Investigation of the 
of Sample No.1 (Ni3Fe alloy) with the an- magnetic anisotropy enerey 


nealing temperature as this temperature is 


increased and decreased. The curves of Fig.2 show 


the variation of the magnetic 
lloy (sample No.1) measured at +20 and -196°C 


anisotropy constant of the Ni3Fe a 
with pete a a temperature. It will be seen from the figure that there 


300 
2G 
Fig.3. Temperature 
dependence of the aniso- 
tropy constant of sample 
No.1 after prolonged 
annealing (1) and after 
quenching from 600° (2). 


S00 mee an 0 200 


-K, er¢/cm? -K, erg/cm® 


220 ~=100 a WO 20 30 


2% 
Fig.4. Temperature 
dependences of the aniso- 
tropy constant of sample 
No.3 (75.2% Ni + 20.8% 
Fe + 4% Cu) after pro- 
longed annealing (1) and 
after quenching from 
600° (2). 
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obtains hysteresis of the order-disorder transforma- 
tion. The relative displacement of the increasing 

and decreasing annealing temperature curves is about 
10°, Although the degrees of order after annealing 
for a period of 600 hours differ somewhat (which, of 
course, also causes some difference between the aniso- 
tropy constants) one cannot explain the hysteresis 

by this factor alone. 

The existence of transformation hysteresis is 
direct indication that this transformation has the 
character of a first order transition. This is 
consistent with the theory of Landau and Lifshits. 
As was noted above, the size of the ordered regions 
proved to be very small: 30 A. 

Up to an annealing temperature of 520° the aniso- 
tropy constant at the temperature of liquid nitrogen 
is larger than at room temperature, while after an- 
nealing at temperatures above 520° we have the op- 
posite relationship, i.e., the constant decreases 
with decreasing temperature of measurement. The 
temperature dependences of the anisotropy constant 
of sample No.1 in the two extreme states - after 
prolonged annealing and after quenching - are shown 
in Fig.3. In the ordered state (annealed) the tem- 
perature variation of the constant is normal down 
to liquid nitrogen temperature, while in the dis- 
ordered state (quenched) the curve exhibits a maxi- 
mum at 60°. This is the first time such an anomalous 
variation of the anisotropy constant of metallic al- 
loys with a cubic lattice has been observed. An in- 
verse temperature dependence has hitherto been ob- 
served only in MnBi and MngSb whose lattices are 
characterized by a lower order of symmetry. 

An analogous inverse dependence is displayed by 
our alloy with 4% copper (sample No.3), as may be 
seen from Fig.4. During the neutron diffraction 
studies of sample No.1, after each heat treatment 
we measured the degree of long-range order and the 
anisotropy constant. This enabled us to establish 
a direct relationship between the magnitude of 
the constant and the degree of long-range order. 
The dependence is shown in Fig.4. Here the 
state after quenching from 600° was taken for 
reference purposes as the state with a zero 
long-range parameter. 

We felt it would be of interest to investi- 
gate the magnetic anisotropy of a nickel-iron 
alloy having a different stoichiometric compo- 
sition, namely, NiFe, because many alloys having 
this stoichiometric proportion form superstruc- 
ture (for example, Cu-Au and Cu-Pt) and because 


the magnetic anisotropy is highly sensitive to 
ordering. 


Fig.5. Variation of the anisotropy constant of sample No.1 measured at -1960 


(1) and at +20° (2) 


with the degree of long-range order. 
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In Fig.6 we show the variation of 
the anisotropy constant of sample No.2 
with the temperature of prolonged iso- 
thermal annealing. It will be seen 
that the constant falls off almost to 
zero, i.e., that the material becomes 
virtually isotropic both at room tem- 
perature and at that of liquid nitrogen. 
The observed variation is of practical 


300 350 = «400 450 500 5D ooo Significance inasmuch as binary alloys 
Bai at with 50% Ni are extensively used in 
Fig. 6. Variation of the anisotropy engineering. In the equilibrium phase 


constant of sample No.2 (53.6% Ni + diagram of the Ni-Fe system (see Ref. 

+ 46.4% Fe) measured at -196° (1) and 6) the y-Q transformation curve extends 
at 20° (2) as a function of the tem- into the region of 50% Ni concentra- 
perature of isothermal annealing. tions. 


Offhand, one might assume that prolonged 
annealing would result in decomposition of the 
y-phase into the Q-phase with simultaneous 
fragmentation of the single crystal into a 
polycrystal. Our experiments show, however, 
that after heating of the specimen to 600° 
and subsequent quenching the monocrystalline 
properties of the specimen are apparently re- 
tained, inasmuch as the anisotropy constant re- 
turns to its initial value, i.e., the value 
obtaining prior to prolonged annealing. 

The interval of concentrations, found in 
the work of Ref.3, in which one can make the 
anisotropy constant go to zero by appropriate 
heat treatment is thus extended from 27.5% Fe 
to 50% Fe. 

The decrease in the magnitude of the 
positive anisotropy constant with ordering, 
noted in Ref.3, is common to nickel-iron al- 
loys in a wide range of concentration and is 
Fig.7. Variation of the aniso- in all probability due to the appearance of 
tropy constant of sample No.4 superstructure of the same type as in the 


(78.3% Ni + 17.9% Fe + 3.8% NizFe alloy. 
Mo) with the temperature of Long-range order in the alloy with 50% 
isothermal annealing. Con- Fe was not detected by neutron diffraction, 
stant measured at 1) -196° and consequently the variation of the anisotropy 
2) £20°: 3) schematic curve constant with the temperature of isothermal 
for temperatures above room annealing is probably due to short-range 

v2 temperature. ordering. No long-range order was detected 


in molybdenum permalloy (samples Nos.4 & 5) 
after annealing for 600° hours; nevertheless heat treatment does exert a strong 
influence on the value of the anisotropy constant. The variation of the aniso- 
tropy constant of samples Nos.4 & 5 with the temperature of isothermal anneal- 
ing is shown in Figs.7 & 8. It will be noted that the curves are generally 
similar for both samples. ' 

In the case of sample No.4 we also carried out measurements of the aniso- 
tropy constant with successively reduced isothermal annealing temperatures , 
the sample being held at each temperature from 48 to 72 hours (total duration 


~AMENeY 
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of heating 400 hours. 
The lower curves in 
Fig.7, drawn through 
the solid points, show 
the results of these 
measurements. It will 
be seen that these 
curves lie below the 
curves obtained in the 


a He process of disordering 
a (3 hour anneals at suc- 
ES 


Peale cessively higher tem- 
OM as or peratures). It will 
ea elem eee Oa be seen that the maxi- 
; mum constants in the 
two cases differ by 


Fig.8. Same as Fig.9. Temperature dependence of a factor of about 2. 
Fig.7 but for the anisotropy constant of This indicates that 
sample No.5 sample No.4 after isothermal the ordering process 
(78.4% Ni + anneals: 1) after prolonged an- in the alloy with 
+ 16.2% Fe + nealing, 2) after quenching from molybdenum proceeds 
+ 5.4% Mo). 477°, 3) after quenching from more slowly than in 
600°, 4) after annealing at 570° binary alloys. 
and cooling in a current of air. We see from the 
curves on the right 
-K, erg/am® in Fig.7 that quenching from temperatures up to 
10.10" 480° as well as from temperatures of 530° and up, 


yields states in which the anisotropy constant in- 
creases in absolute magnitude with decreasing tem- 
perature of measurement. In the range from 480 to 
530° we have the opposite effect, i.e., an anomalous 
variation of the constant with the temperature of 


0B 


04 


measurement. 
f - 00 0 100 150 For purposes of a more detailed investigation 
6°C of the temperature dependence of the anisotropy con- 
Fig.10. Temperature de- stant, sample No.4 was again annealed for 600 hours 
pendence of the aniso- as in the initial treatment and then subjected to a 
tropy constant of sample series of different heat treatments (3 hour heating 
No.4 after isothermal at different constant temperatures followed by quench- 
annealing at 495° and ing), after each of which the temperature dependence 
quenching in oil. of the anisotropy constant was determined in a sepa- 


rate series of measurements. The results are shown 
in Figs.9 & 10. It will be seen that they substantiate the above deduction 
drawn initially from the curves of Fig.7. The temperature variation of the 
constant shown in the upper right hand insert in Fig.9 becomes understandable 
if in Fig.7 we plot a aurve for the anisotropy constant at temperatures above 
room temperature (the dash curve in Fig.7). It follows from Fig.7 that at an 
annealing temperature of 570° and in going to temperatures above room tempera- 
ture the anisotropy constant changes sign. 

Neutron diffraction studies of sample No.6 (74.5% Ni + 22.8% Fe + 2.7% Cr) 
showed that after prolonged annealing it had almost the same degree of long- 
range order as the NigFe alloy. In accord with this,the variation of the aniso- 
tropy energy with ordering in this alloy differs from the corresponding varia- 
tion in alloys with molybdenum. The results of our anisotropy constant measure- 


350 400 450 ae 
Fig.11. Variation of the 
anisotropy constant of 
sample No.6 (74.5% Ni + 
+ 22.8% Fe + 2.7% Cr) 
measured at -196° (1) 
and +20° (2) with the 
temperature of isotherm- 
al annealing followed 

by immediate quenching 
in oil. 


in nickel. 
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on sample No.6 are shown in Fig.1l. It will be 
evident that at all stages of ordering, at least 

in the temperature range from +20 to -196°, there 
obtains for this alloy a normal temperature depend- 
ence of the magnetic anisotropy. 

The addition of copper to Ni-Fe alloys does not 
eliminate the anomalous temperature dependence of 
the magnetic anisotropy and greatly lowers the de- 
gree of long-range order probably because of concen- 
trational disordering. Chromium probably does not 
produce concentrational disordering inasmuch as the 
degree of long-range order in sample No.6 proved to 
be virtually the same as in the NiszFe alloy. This 
is undoubtedly the reason for the different influence 
of chromium, as compared to copper and molybdenum, 


on the temperature dependence of the anisotropy 
constant. 


Discussion 


The process of ordering in Ni-Fe alloys with 
a high content of nickel leads to the appearance of 
pronounced magnetic anisotropy of the type observed 


This obtains in a wide range of concentrations of binary and tern- 
ary alloys (Ni + Fe + Mo, Cr or Cu). 


Consequently, in the ordered state the 


individual properties of the component elements are lost or suppressed as re- 


gards the anisotropy. 


We did not detect any discernible degree of long-range order in the al- 


loys with molybdenun. 


Here all the effects leading to abnormal variations of 
the anisotropy must be attributed to short-range ordering. 


Similar effects 


associated with short-range ordering are observed in the binary Ni3Fe alloy 
and in the alloy containing copper. 

As is known, the structure of alloys in the region of short-range order 
is microscopically inhomogeneous, consequently there is reason to assume that 
the behavior of the bulk magnetic anisotropy is connected with its behavior 


in the microvolumes. 


The concentration of atoms of any given element differs 


in the different microvolumes and the properties of such microvolumes as re- 
gards the magnetic anisotropy are to some extent determined by the individual 


properties of the alloy components. 
the properties of alloys follows from 


This approach to the interpretation of 
the fact that in determining the free 


energy of a ferromagnetic alloys with components a and b, according to Vonsov- 


Skil; 
four parts Aaa, App, Aap; 


Ao 


the mean exchange energy of the alloy may be regarded as consisting of 
and A,, with the value of A being given by 


Agalaa 5 App’ “if Aspap a Aparna 


bd 


Nag + pp tba + "ab 


where A,, and App are the exchange energies of the pure components, A,» and 


Apa are the exchange energies of the alloys and faa, pp, Nad; 


and np, are the 


numbers of nearest neighbor atomic pairs. 
The number of these pairs of atoms can be expressed as a function of the 


concentration and the short-range order. 


Inasmuch as with the disappearance 


of long-range order the uniform distribution of the atoms is disturbed, the 


role of A,, and A», is diminished, 


as a result of which the individual proper- 


ties of the pure components will exert an increasingly dominant additive effect 
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on the properties of the alloy. Taking into account the spin-spin and spin- 
orbit interactions when the degeneracy as regards direction is removed and 
the exchange integral is replaced by the exchange interaction tensor” does 
not preclude the possibility of treating the exchange energy of the alloy in 
the manner proposed by Vonsovskii. The energy of the magnetic anisotropy of 
the disordered Ni3Fe alloy can then be regarded as the sum of the energies of 
Ni type and Fe type anisotropies with the normal temperature dependence 


U =nyUyi + nel re. 


At a certain ratio of mre and nyj, a decisive role in determining the tem- 
perature dependence of the anisotropy will be played by the temperature depend- 
ence of the energy Uy, with a negative total energy. Consequently, in this 
case there will be observed an "anomalous'' temperature dependence. 

This is the case that apparently obtains in the Ni3Fe alloy (see Fig.3). 
The addition of molybdenum in all probability promotes microscopic segregation 
of the Ni and Fe atoms. It is known that Mo greatly reduces the saturation 
of alloys; for example, in nickel each molybdenum atom reduces the magnetic 
moment by over 5 Bohr magnetons. 2 Hence the molybdenum atoms in the alloy must 
be in a multiply ionized state. Inasmuch as the degree of ionization of the 
Ni and Fe atoms is different, the Mo atoms can further segregation of the Ni 
and Fe atoms. This must enhance the manifestation of the individual proper- 
ties of the alloy components, as will be evident from a comparison of Figs.2 
& 7. In Fig.7 we see, for example, that where the lower curves are concerned, 
the entire temperature range may be divided into three parts: 1) up to 440° 
where the temperature dependence is of the Ni type, 2) from 440 to 520° where- 
in the temperature variation of the constant is anomalous with the sign chang- 
ing between 475 and 520°, and 3) above 520° wherein the temperature dependence 
is that typical for Fe. 

If the interpretation suggested above is correct, one may expect that in 
alloys whose components are characterized by the same type of temperature 
dependence of the anisotropy (for example, Ni-Co alloys) no anomalous varia- 
tion of the anisotropy with temperature will be observed. In the case of al- 
loys of components with different anisotropy characteristics - for example, in 
the Fe-Co system - it may be expected to appear. Unfortunately, there are no 
data on the temperature dependence of the magnetic anisotropy of Ni-Co and 
Fe-Co alloys in the literature. We are now engaged in investigating these 
alloys. 


Preparation of temperature stable permalloys 


Research on the problem of temperature stabilization of permalloy has 
been going on for some time. The results so far show that the problem is not 
easy of solution. 

It is known that the influence of temperature on the magnetic properties 
of high permeability alloys is exerted primarily through the effect of tempera- 
eas on the energy of the magnetic anisotropy and the magnitostriction para- 
meters. 

Measurements of the magnitostriction of our molybdenum ermal 
showed that after quenching from 600°, the ae a Rae Ree 
while after annealing for 600 hours it is +5.9-°1076. The temperature denenas 
ences in both cases are rather weak. In going from -196° to +20° the magnito- 
striction is reduced by 26% in the first case and by 16% in the second case. 
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In the temperature interval from 20 to 200° it decreases by 45% in both cases. 

The actual temperature dependence of the magnetic properties of permalloy 
cannot be explained by this variation of the magnitostriction, particularly in 
the region of low temperatures (+20 to -196°) where the permeability falls off 
by a factor of 10. 

It is obvious that the magnetic anisotropy energy has a strong and de- 
cisive influence on the permeability of permalloy. The usual low temperature 
heat treatment employed for molybdenum permalloy - cooling in and with an 
evacuated container from 600° in air - brings the alloy to a state with a 
strong temperature dependence of the anisotropy energy (see Fig.7); consequent- 
ly, the temperature stability of the resultant material as regards magnetic 
characteristics is very poor. 

Our reasoning was that on the basis of the curves of Fig.7 one can select 
a heattreatment that will result in a weak or inverse temperature dependence 
of the anisotropy energy and thereby modify the temperature dependence of the 
magnetic properties in the desired direction. To check this inference we car- 
ried out the following experiment. 

We prepared two samples of standard molybdenum permalloy in the form of 
ribbon toroids, using 0.2 mm thick ribbon - samples Nos.la and 2a. 

These samples were first given the heat treatment usually employed in the 
final processing of the permalloy: heating for 3 hours at 1100° in vacuum, 
cooling at the rate of 200° per hour to 600° and finally cooling with the 
evacuated container in air. We measured the magnetic properties of the samples 
treated in this manner at different temperatures; specifically, we measured the 
initial and maximum permeabilities, the coercive force and the permeability in 
a constant field. 

Then the same samples were subjected to a stabilizing heat treatment in 
conformity with the lower curves in Fig.7; 36 hours at 5309, 40 hours at 495°, 
48 hours at 470°, 48 hours at 460° and finally cooling in air. Following 
this treatment we again measured the magnetic properties of the samples. The 
results of the permeability measurements in a constant magnetic field are shown 
in Table 2. These data characterize the temperature stability better than the 
initial and maximum permeability values. 


Table 2 
Magnetic permeability in a constant field of samples of standard molybdenum 
permalloy in the form of ribbon toroids 
after the usual heat treatment and after the stabilizing treatment 


 ————————— 


Usual heat treatment Stabilizing heat treatment 


Sample 
Nb. 


H,Oe —196° | +20° 


+100° H,Oe | —196° | +26° | +106° 


it 0,032 10750 | 116000 | 134000 | 0,035 93000 | 105000 | 4114000 
2a, 0,032 10000 | 110000 | 130000 | 0,035 100000 | 114000 | 120000 


It will be evident from the table that the stabilizing heat treatment 
greatly improved the temperature stability of the permalloy particularly in 
the region of low temperatures. Thus whereas in the case of sample No.1 after 
the usual heat treatment the permeability fell off by a factor of almost 10 in 
going from +20 to -1969, after the stabilizing heat treatment the corresponding 
decrease in permeability amounted to only 12%. 

If we bear in mind that the investigated permalloy contained technological 
impurities (Mn and Si), we may reasonably assume that one can develop for it a 
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somewhat modified heat treatment that will lead to even better temperature 
stability. This of course does not exhaust the possibilities of stabilization 
by this procedure. [In our opinion one can realize temperature stabilization 
extending to appreciably higher temperatures as well. 


Conclusions 


1. As a result of neutron diffraction investigation of a series of binary 
Ni-Fe alloys and Ni-Fe alloys with additions of Mo, Cr and Cu, we established 
the degree of long-range order in them after prolonged annealing and found 
the variation of the degree of long-range order in the Ni,Fe alloy with the 
annealing temperature and the variation of anisotropy constant with the degree 
of long-range order in NizFe. 

2. We found the dependence of the magnetic anisotropy energy on the an- 
nealing temperature for the Ni3Fe alloy and detected order-disorder-transform- 
ation hysteresis; we established that the temperature dependence of the aniso- 
tropy energy in the disordered state has an anomalous character. 

3. The dependences of the magnetic anisotropy energy of molybdenum perm- 
alloy type alloys on the annealing temperature and on the temperature of 
measurement are also anomalous. 

4. We investigated the variation of the magnetic anisotropy energy of an 
iron-nickel alloy with chromium as a function of the annealing temperature. 

5. Theoretical analysis of the temperature dependence of the anisotropy 
constant of the investigated alloys shows that the observed behavior of the 
constant on these alloys is consistent with theory, i.e., may be expected to 
be anomalous. 

6. We carried out an experimental test of the efficacity of the procedure 
proposed by us for temperature stabilization of molybdenum permalloys. 


Institute of Precision Alloys, 
Central Scientific Research Institute of Ferrous Metallurgy 
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TEMPERATURE DEPENDENCE OF SOME MAGNETIC PROPERTIES OF NICKEL 
- L.V.Kirenskii, R.S,Nosova & N.V.Reshetnikova 


In this report we shall give the results of two experimental investiga- 
tions: a) an investigation of the magnetic field dependence of the magnetic 
anisotropy constant at different temperatures and b) an investigation of the 


temperature dependence of the galvanomagnetic effect (change in resistivity) 
in saturation fields. 


Magnetic anisotropy 


There have been relatively few investigations of the variation of the 
magnetic anisotropy constant of ferromagnets with the magnetic field strength. 
The first investigation of this line was carried out by Schlechtweg!. Not 
having available fields of sufficient intensity, however, he was unable to ar- 
rive at any reliable conclusions. 

A more detailed investigation was carried out by Tarasov” on single crys- 
tal discs of silicon iron. His results in the range of fields from 2000-3000 
oersted are described by the relationship 


M = Mg (1-7), q) 


where M is the magnitude of the peak torque acting on the disc in a uniform 
magnetic field of intensity H, Mg is the peak torque in an infinite field 
and A is a constant. 

Inasmuch as the magnitude of the torque M is proportional to the aniso- 
tropy constant K and in the (100) plane with an angle of 22.5° between the 
direction of the field and the tetragonal axis of the crystal 


K = 2M, (2) 
in the region of strong fields, we have 
A 
Kea Kes ‘Gh anal (3) 


Subsequent investigations carried out by Bozorth & Williams? and Shubina* 
showed that although Eq.(1) does not always hold, it does remain valid for the 
(100) orientation of the crystal with the reine eens axis at an angle of 225° 
to the field direction up to very strong fields’. It follows from the above 
relationship that the dependence of the anisotropy constant on the magnetic 
field strength will be determined by the temperature dependence of A in Eq. (3). 
As far as we know there have been no investigations of this dependence. 

In the present work we investigated the field dependence of the magnetic 
anisotropy using a single crystal spherical specimen 9.75 mm in diameter in 
the temperature range from 20 to 300°. The investigation was carried out by 
the method of measuring the torque acting on the specimen in a strong uniform 
magnetic field. The torque was measured by means of a highly sensitive aniso- 
meter operating on the principle of torsion balance. The sensitivity of the 
anisometer was 4 erg per 1 mm scale deflection. 

The torque corresponding to a field of 3150 oersted was compensated by 
torsion of the suspension filament. The increment (or decrement) of the torque 
with increasing magnetic field was recorded automatically on a film mounted 
in a cylindrical camera.© The film was advanced synchronously with the ancrense 
of the current in the electromagnet coils and, consequently, with increasing 
field intensity. The synchronization was realized by means of a drive linking 
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the camera shaft with the control of the electro- 


lytic variable resistor. Simultaneously with 
the torque curve a record was made of the cur- 
rent through the electromagnet coils (propor- 
tional to the field strength) and of the so- 
called "null" curve characterizing the current 
dependence of the field corresponding to zero 
torque. The values of the field strength were 
recorded on the film in the form of ordinates. 
An example of such a magnetogram is shown in 


Fig.l. 
Fig.1. Magnetogram of the The measurements were carried out at all 
torque and the current in eight angles corresponding to the peak values 
the windings of the electro- of the torque in the (100) plane. 
magnet. The variation of the torque increment AM 


with the field strength at different tempera- 
tures is shown in Fig.2. As may be seen from the curves, the torque incre- 
ment in the temperature range from 20 to 70° is only positive, in the inter- 
val from 80 to 180° it is at first negative and then positive and in the 
temperature range from 160° up it is only negative. 
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Fig.2. Variation of the torque increment as a function of the 


field strength at different temperatures. 


In Fig.3 we show the variation of AK as a function of 1/H. From 1/H = 
= 1900-10-7 down, which corresponds to field values ranging up from 5260 
oersted, the variation of AK as a function of 1/H proved to be linear at all 
temperatures in our experimental range. 

From the function of dependence of the anisotro co i 
cited above, i.e., from Eq.(3), it follows that the ome cd the nee 
rectilinear plots is given by tan @ = K@A. The value of tan m is readil 
found from experiment, while the value of Kg Can easily be determined b : 
extrapolation. The values of K,, and K are found to obey the teers 
found by Briukhatov & Kirenskii? up to about 130-140°. ies 

The variation of A with temperature is shown in Fig.4. As will be evi- 
dent from the curve, in the temperature range from 20 to 135° is virtually 
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Fig.3. Variation of the change in the anisotropy constant with 1/H 
at different temperatures. 


independent of the temperature and equals approximate- 
ly 208 oersted. With further increase in temperature 
A begins to decrease and changes sign at about 170°. 
In carrying out the measurements we noted that 
the positions of the peak values of the torque did 
not come every 45° as expected but were separated 
alternately by 47° and 43°. the zero torques, however, 
repeated every 45° to within 5'. This alternation 
of the angles for the peak torques cannot be due to 
inaccurate orientation or geometric anisotropy of the 
Y ! sample, particularly since the maximum values of the 
Fig.4. Temperature torques at each position proved to be equal. It is 
dependence of A. reasonable to assume that this effect is due to the 
influence of the third anisotropy constant Kg. Taking 
into account the third anisotropy constant the magnitude of the torque in 
the (100) plane can be characterized by 


mM = Ll. sin 4p + K3_ sin 49 - K3_ sin 80, 
2 8 16 


where @ is the angle between the spontaneous magnetization vector and the 
tetragonal axis of the crystal. 

Substituting the experimental values of the angles corresponding to the 
peak values of the torque in the above equation we obtain 


Kg a Behe 
It is interesting to note that the torque peaks alternate in the indi- 
cated order at all the investigated temperatures, which indicates that the 
temperature dependence of the constant K3 is approximately the same as that 
of Kj. This may be regarded as definitely established for the temperature 
range from 20 to 160° within which the positions of the maxima were determined 
with a sufficiently high degree of accuracy. At higher temperatures the ac- 


curacy in de 


- 1096 - 


termining the positions of the peaks was lower owing to the fact 


that they became somewhat smeared out. 


0 ee ee 
-200 0 200 400 


Fig.5. Temperature 
characteristics of the 
specimen and one of the 
compensators: 1) curve 
for specimen, 2) curve 
for compensator. 


Galvanomagnetic effect 


The galvanomagnetic effect was investigated by 
means of a sensitive bridge in conjunction with the 
cylindrical camera, which again enabled us to re- 
cord the data automatically. 

The measurements were carried out on a 0.1 mm 
diameter wire specimen of electrolytic nickel having 
a resistance of 4.75 + 0.1 ohm at 0°. In order to 
eliminate possible temperature induced fluctuations 
of the resistivity, we used special compensators of 
fine copper wire. Inasmuch as the temperature co- 
efficients of resistance of copper and nickel are 
different we had to utilize a number of compensators, 
each for a specific temperature interval. In each 
case the compensator was selected so that with 
fluctuations of up to 50 to 100° of the heater the 
light beam reflected from the galvanometer mirror 
remained virtually stationary. 

The operation of one of the 


dy 1° 


compensators is characterized in Fig. 


I 
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Fig.6. Isotherms of the galvanomagnetic 
effect in nickel in the temperature 
range from -196 to +318°. 
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5. It will be seen from the figure 


Fig.7. Same as Fig.6 but for 
the temperature interval from 
340 to 380°. 


that in the temperature range from -50 to +50° the temperature induced changes 
in the resistance of the compensator and specimen are equal inasmuch as their 
thermal characteristics are virtually parallel. 

The fields of up to 400 oersted, uniform over the test length of 15 cn, 


were produced by means of a solenoid. 


The field strength was varied by means 


of a water rheostat; the rate of increase of the field was matched with the 


rate of rotation of the film drum. 


The heater together with the specimen was 


inserted into a Dewar flask which was mounted along the center line of the 


solenoid. 


The observed dependence of the galvanomagnetic effect on 
field strength at different temperatures is ohone by the cureevonkc eee x f 
It will be evident from the curves that the galvanomagnetic effect increases 
rapidly in weak fields corresponding to the process of displacement of domain 
walls; in going over to stronger fields where rotation of the walls predomin- 
ates the rate of increase slows down and the effect tends to saturation. In 
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JMO 


fields exceeding technical saturation there is ob- 


served a decrease of the galvanomagnetic effect con- 
nected with the paraprocess. 


perature the magnitude of the effect decreases and 


With increasing tem- 


200 saturation is attained in weaker fields. 


The temperature dependence of the galvanomag- 


a netic effect in nickel in saturation fields is shown 


in Fig.8. 
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Fig.8. Temperature de- 
pendence of the galvano- 
magnetic effect in 


saturation fields. 
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Fig.9. Magnetograms of the field 
dependence of the galvanomagnetic 
effect in nickel with different 
methods of demagnetization of the 
specimen (t = 0°): 1) heating above 
the Curie point with subsequent 
cooling in magnetic shielding, 2) 
heating above the Curie point and 
cooling without magnetic shield- 
ing, 3) de reversals and diminish- 
ing 50 cycle ac, 4) de reversals 
in the solenoid. 


ly reduced 50 cycle current, through the solenoid. 


of Akulov® 


As may be seen from the curve, in the 

temperature range from -196 to +300° the variation 
which is in agreement with the relation 
for the temperature dependence of even 
effects, a relation that has been substantiated in 
the work of D'iakov? and Vlasovl9, 


is evident deviation from linearity. 
In carrying out the investigation we paid parti- 


Above 300° there 


cular attention to the influence of the 
method of demagnetization on the magni- 
tude of the observed effect, inasmuch 
as according to Vlasovl9 the value of 
the magnetostriction depends appreci- 
ably on the method of demagnetization 
of the specimen before measurement. All 
the data cited above pertain to demag- 
netization by heating above the Curie 
point with subsequent cooling in mag- 
netic shielding. 

We investigated the influence of 
the method of demagnetization of the 
specimen on the magnitude of the galvano- 
magnetic effect in the temperature range 
from 0 to +210°. Fig.9 shows the mag- 
netogram of the galvanomagnetic effect 
obtained for a nickel specimen at 0° 
with different methods of demagnetiza- 
tion. The maximum value of the effect 
is obtained with demagnetization by 
heating with subsequent cooling in 
magnetic shielding; a somewhat smaller 
value of the galvanomagnetic effect is 
obtained in the case of demagnetization 
by heating above the Curie point with 
subsequent cooling in the earth's mag- 
netic field (terrestrial field normal 
to the axis of the specimen). A still 
weaker effect is obtained in the case 
of demagnetization by the method of re- 
versals, using first de and then gradual- 
Lastly, the smallest effect 


is obtained in the case of demagnetization by reversals using de only and 


? gradually reducing the current to zero in the solenoid. 


Fig.10. Temperature depend- 
ence of the galvanomagnetic 
effect with different meth- 
ods of demagnetization: 

1) heating and cooling in 
magnetic shielding, 2) heat- 
ing and cooling without 
magnetic shielding, 3) dc 
reversals and diminishing 

50 cycle ac, 4) de reversals, 
5) Potter's data (for 
comparison) . 
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The temperature dependences of the galvano- 
magnetic effect in nickel in saturation fields 
with different methods of demagnetization are 
shown in Fig.10. It will be evident from our 
data that the magnitude of the effect is very 
sensitive to the method of demagnetization and 
that to obtain the true value it is expedient 
to carry out the magnetization by heating above 
the Curie point with subsequent cooling in mag- 
netic shielding. 
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sible role of the outer, conduction electrons is generally neglected. 
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TEMPERATURE DEPENDENCE OF THE MAGNETIC SUSCEPTIBILITY OF NICKEL BASE ALLOYS 
‘ - D.I.Volkov & V. I. Chechernikov 


1. There have been numerous investigations of the temperature dependence 
of the paramagnetic susceptibility of ferromagnetic metals.1-3 Nevertheless 
a number of important questions still remain unclarified. In theoretical 
treatments of the magnetic susceptibility of ferromagnetic metals of the trans- 
ition group in the region of high temperatures (T > Of, where O¢ is the ferro- 
magnetic Curie point) it is usually assumed that the paramagnetism of these 
metals is due exclusively to the inner (3d) electrons; consequently, the pos- 

3 There 
is a question, however, to what extent it is allowable to disregard the in- 
fluence of the s-electrons. In our opinion investigations of the temperature 
dependence of the paramagnetic susceptibility of ferromagnetic metals with 
nonferromagnetic elements of different valence should be of help in elucidat- 
ing the role played by conduction electrons in the paramagnetism of such metals 
at temperatures above the Curie point. 

Accordingly, in the present work we investigated the temperature depend- 
ence of the paramagnetic susceptibility of pure nickel and its alloys with 
different nonferromagnetic elements (Ni-Cu, Ni-Zn, Ni-Al, Ni-Si, Ni-Sn, Ni-Mo 
and Ni-Cr) in a wide temperature range extending from O¢ up to 1200°. Experi- 
ments show that in ferromagnetic transformation there is usually observed a 
so-called transition region. In our work we also studied the dependence of 
the magnetic susceptibility on the field intensity and the temperature in this 
transition region. 

2. In our paramagnetic susceptibility measurements we utilized the Faraday- 
Sucksmith technique by means of which one can investigate susceptibility at 


rather high temperatures (up to 1200° in our experiments) under vacuum. As 


noted above, we investigated pure nickel and its alloys with Cu, Zn, Al, Si, 
Sn, Mo and Cr in wide range of concentrations. Despite the fact that the ini- 
tial metals used in the preparation of the alloys were of relatively high puri- 
ty, prior to the temperature dependence measurements in the paramagnetic region 
we checked for dependence of the susceptibility on the field. In no case was 
any noticeable field dependence of paramagnetic susceptibility detected. 

3. The results of our experiments showed that the temperature dependence 
of the paramagnetic susceptibility  , of nickel alloys in the T > Of region 
cannot be described by the simple Curie-Weiss law 


Aw dal 
LOS" 


where C is the Curie-Weiss constant and Op is the paramagnetic Curie point. 
As may be seen from Figs.1 & 2, for Ni-Cu and Ni-Mo alloys the dependence 


of the reciprocal of the susceptibility (1/y) on the temperature is described 


not by a straight line, as would follow from simple Curie-Weiss law, but by 


‘a curve with gradually decreasing slope (‘downward concavity’). Similar re~ 
sults were obtained for all the other nickel alloys investigated. The devia- 
tion from linearity in the variation of 1/y vs T is most evident in the region 


of high temperatures, i.e., T => 9p- It is interesting to note that the devia- 


tion or curvature of the 1/y= f(T) curve is greater for alloys in which the non- 
ferromagnetic component has a higher valence. 


Hence it may be asserted that the Curie-Weiss law in its form is not ap- 


"plicable to the investigated alloys. 


Bloch* and other investigators have attempted to describe the experi- 


Mentally observed regularities by introducing a second constant. It will be 


a 200 400 600 CUO 10 a ae 


Fig.1. Variation with tempera- 
ture of the reciprocal of the 
susceptibility of Ni-Cu alloys 
with different Cu concentrations 
(in atomic percent). 
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Fig.2. Same as Fig.1, but 
for Ni-Mo alloys. 


Fig.3. Variation of 1 

| ae GH 
with temperature for Ni-Cu 
alloys. Numeration of curves 
same as in Fig.l. 
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evident from Figs.1 & 2, however, that the 
experimental curves cannot be approximated 
by two straight lines. Néel5, analyzing 
the experimental data of Mandersl, showed 
that the paramagnetic susceptibility of 
ferromagnetic metals in the region of high 
temperatures (T > 0) can be described by 


K Se iKie = BASES; (1) 


where 7; is a susceptibility component vary- 
ing with the temperature according to the 
Curie-Weiss law and Kee is a temperature 
independent component. 

At temperatures in the vicinity of the 
paramagnetic Curie point  , is small com- 
pared with y, so that in this temperature 
region the Curie-Weiss law is approximately 
valid. In the region of high temperatures 
(T > Op) » however, the susceptibility x, 
becomes comparable to y, owing to the de- 
crease in the value of y,. This circun- 
stance allows of determining the temperature 
independent component j,. We determined the 
value of y, in this manner for all our alloys 
and, using Eq.(1) to calculate 1/(x— x;), 
plotted this quantity against the tempera- 
ture. By way of illustration we show the 
variation of 1/(x—%x:) vs T for the Ni-Cu 
and Ni-Mo alloys in Figs.3 & 4. As will be 
seen from the figures, in the temperature 
range from 6, to about 1200° the variation 
is linear. Tt is clear therefore that the 
paramagnetic susceptibility of ferromagnetic 
alloys in the region of high temperatures 
is described not by the ordinary Curie-Weiss 
law but by the more general law (1) or 


C 
X=% TPO” 


Earlier investigations of the paramag- 
netic susceptibility of ferromagnetic alloys 
were concerned primarily with the question 
of the dependence of the Curie-Weiss con- 
stant and the magnetic moment on the compo- 
sition of the alloys. In our work it was 
naturally of interest to establish the 
character of the dependence of x, on the 
content of the nonferromagnetic element 
in the alloy. This dependence according 
to the results of our measurements is shown 


in Fig.5. The values of xX, for Ni-Zn alloys were calculated using the data of 
Wheeler6, It will be evident that the value of x, is strongly dependent on 
the composition of the alloy; except for Ni-Cu alloys, y, increases with in- 
creasing content of the nonferromagnetic component and, what is particularly 
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Fig.4. Variation of with 


XK adele 


temperature for Ni-Mo alloys. 
Numeration of curves same as in 
Fig. 2. 


atomic % 
Fig.5. Variation of the tempera- 
ture independent susceptibility 
component with the content of 
the nonferromagnetic element in 
the binary nickel alloy. The 
points for Ni-Zn were calculated 
from the data of Wheeler®. 


Fig.6. Variation of the magnet- 
ization with the magnetic field 
intensity for Ni-Mo alloy con- 
taining 5% Mo at different tem- 
peratures. Curves - calculated 
according to Eq.(2); points - 
experimental values. 
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important, with the valence number of 
the nonferromagnetic element. As re- 
gards increasing magnitude of y, , nickel 


alloys may be arranged in the following 
sequence; 


Ni-Cu — Ni-Zn — Ni-Al — Ni-Si 
and Ni-Sn — Ni-Mo and Ni-Cr. 


With decreasing concentration of 
the nonferromagnetic component, the val- 
ue of y, approaches the value observed 
for pure nickel (atomic susceptibility 
(X,) nN; = 23-6°10-6). It should also be 
noted that the Curie-Weiss constant C 
and the susceptibility y, vary inde- 

pendently as functions of the concentration 
and valence: while C decreases with increas- 
ing concentration and the valence of the 
nonferromagnetic component, y, , on the con- 
trary, increases. The observed regularities 
indicate that the presence of the y, term 
in the law of expression (1) is due to 
paramagnetism of the s-electron "gas", i.e., 
Pauli type paramagnetism. Hence in further 
development of the theory of paramagnetism 
of ferromagnetic metals and alloys it is 
essential to take into account not only the 
role of d-electrons but also that of s- 
electrons and their interactions. 

Recently Vlasov & Vonsovskii’ published 
a theoretical study in which this problem 
is examined on the basis of the model of 
interacting outer (s) and inner (d) elec- 
trons. The authors show that taking into 
account the influence of the outer conduc- 
tion electrons on the magnitude and tempera- 
ture dependence of the paramagnetic sus- 
ceptibility of metals of the transitions 
groups leads to the additive law (1) , which 
closely describes the regularities observed 
experimentally. According to this theory, 
the value of y, does not depend on the 
temperature and in the absence of s-d inter- 
action goes over into the usual conduction 
electron susceptibility. Taking into ac- 
count the interaction between s- and d- 
electrons also leads to variation of the 
constant C, whose magnitude proves to be 
dependent not only on the number of magnetic 
moment carriers but also on the s-d elec- 
tron interaction energy. The existence of 
this interaction, as the calculations of 
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VYonsovskii and Vlasov showed, is also 
evinced in changes in the Curie point @. 
In the absence of interaction, the con- 
stant C agrees with the usual value of 
the Curie-Weiss constant and 9 is equal 
to 6g associated with the exchange inter- 
action of the d-electrons. The deductions 
following from the theory developed by 
Vlasov & Vonsovskii are in qualitative 

Y agreement with our experimental results. 

4 & is oh a Snes Investigation of the paramagnetic 
Fig.7. Variation of the coefficient susceptibility at temperature close to 


Q@ in Eq.(2) as a function of the to the Curie point showed that in this 
ratio T/0, for Ni-Mo alloys with temperature range (T > Of) the suscepti- 
different Mo concentrations. bility is manifestly dependent on the 
Numeration of curves same as in magnetic field strength. The width of 
Fig.2. the temperature interval wherein this 


field dependence of the susceptibility 
obtains (the transition region) is as 
a rule greater for higher concentrations 
of the nonferromagnetic component in the 
alloy; for example, for Ni-Cu alloys 
with 23.5% Cu this temperature interval 
equals 170°. 

The variation of the magnetization 
Oo with the field H in the transition re- 
gion, according to the results of our 
measurements, is satisfactorily de- 
Fig.8. Same as Fig.7 but for the scribed by a relationship of the form 
coefficient 6. 


H = ao + pod + yoS, (2) 


where Q@, B and ¥ are coefficients independent of both 0 and H. In Fig.6 we 
show the isothermal magnetization curves for the Ni-Mo alloys containing 5% 

Mo calculated according to Eq.(2) together with the experimental data obtained 
for the same alloy. The values of the coefficients a, B and y were determined 
from the experimental data and proved to be strongly dependent on the tempera- 
ture and composition of the alloys. The dependences of q@ and B on T/O¢ for 
Ni-Mo alloys are shown in Figs.7 & 8. Analogous regularities were obtained for 
the other investigated alloys. Both @ and B decrease in magnitude with in- 
creasing concentration of the nonferromagnetic component. In the temperature 
region close to 6g the coefficient q@ varies linearly, going to zero at T = Of. 
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CORRELATION BETWEEN THE ELECTRIC AND MAGNETIC PROPERTIES OF CHROMIUM SULFIDES 


- N.P.Grazhdankina & I.G.Fakidov 


A characteristic of the magnetic properties of chromium sulfides, as of 
all ferromagnetic compounds, is the simultaneous existence in these eanetdnces 
of ferromagnetism and antiferromagnetism. The presence of exchange spin 
coupling between the magnetic moments leading to antiferromagnetism in these 
compounds cannot but affect their electric properties, just as the electric 
properties of ferromagnets are influenced by the interaction between outer 
conduction electrons and inner electrons that play an important role in ferro- 
magnetism. Thus there can be no doubt that for a clearer understanding of 
the physical nature of such compounds one must study not only their magnetic 
but also their electric properties. 

Yet, it must be admitted that the electric properties of ferromagnetic 
materials have so far been inadequately studied. The available scanty data 


are incidental in character; they do not stem from systematic investigations 


undertaken specifically for establishing the correlation between the magnetic 
and electric properties of these materials. For example, whereas the magnet- 
ic properties of such antiferromagnetic compounds as FeS, CrS and MnS have 
been investigated in considerable detaill-8 | the electric properties of these 
compounds have not been thoroughly studied by anyone. 

We chose the sulfides of chromium for our investigation for the following 
reasons. Alteration of the chemical composition of the antiferromagnetic 
compound CrS by the addition of sulfur leads to the appearance of ferromagnet- 
ism in the chromium-sulfur system in a narrow range of sulfur concentrations, 
specifically 50-54 atomic percent (compositions close to CrS,_17), which makes 
it feasible to confine the experimentation to a relatively limited number of 
compounds. The substantial dependence of the magnetic properties of compounds 
close to CrS},17 on such factors as annealing and quenching makes it possible 
to obtain samples possessing ferromagnetic (annealed samples) or antiferro- 
magnetic properties (quenched samples) and this allows of investigating the 
conditions resulting in one or the other state on samples having the same 
chemical composition. In addition, investigation of the electric properties 
of CrS} 17 makes it possible to define the temperature boundaries of the 
existence of the ferromagnetic state inasmuch as in contrast to ordinary ferro- 
magnets this compound has two magnetic transition temperatures. 

With the above considerations in view we undertook a comprehensive investi- 
gation of the electric properties of chromium sulfides; specifically, we in- 
vestigated 

1) the electric conductivity of chromium sulfides of different composition, 

2) the temperature dependence of the conductivity in the range from 1.8 
to 1000°%K, 

3) the Hall effect and the variation in resistance in a magnetic field, 
and 

4) the thermal emf of chromium sulfides of different chemical composition. 


Samples and procedure 


For purposes of the investigation, we prepared chromium sulfides of dif- 
ferent chemical compositions (50 to 59.7 atomic % S). In view of the strong 
dependence of the electric properties of chromium sulfide on impurities, we 
paid particular attention to obtaining chemically pure chromium and sulfur 
for the synthesis of our samples. The samples were Byaner a Zee by heating 
the appropriate mixture of chromium and sulfur to 900° in evacuated quartz 
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tubes. The chemically pure chromium was obtained electrolytically; an indica- 
tion of the degree of purity of the refined chromium is given by the values 

of the magnetic susceptibility (X= 3.6-1075 at 18°C), the resistivity (p = 

= 2.5-10-5 ohm-cm at 0°C) and the relative change with temperature of the re- 
sistance in the region of low temperatures (Rp/Ro = 0.129, where R, is the 
resistance at 77°K and Ro is the resistance at 0°C). The reagent grade sulfur 
was further purified by recrystallization in benzene followed by vacuum distil- 
lation. Spectroscopic analysis showed that the purified sulfur contained only 
traces of arsenic, copper and nickel. Thus the analysis of the sulfur and 

the comparison of the measured electric properties of the chromium with the 
data in the literature showed that our initial materials were of sufficiently 
high purity. 

The samples for the electric measurements were prepared by compacting the 
synthesized chromium sulfide powder into tablets and sintering these at 1100°. 
The homogeneity of the samples was checked by examining microsections, measur- 
ing the distribution of potential over the length of the sample and by deter- 
mining the sign of the thermal emf over different sections of the sample. 

The resistivity and its temperature dependence, the Hall effect and the 
change in resistance in the magnetic field were measured by the potentiometric 
procedure using a Diesselhorsat compensator and a galvanometer with a sensi- 
tivity of 3-10-8 vy per 1 mm scale displacement. Measurements of the galvano- 
magnetic effect were carried out both under adiabatic and isothermal condi- 
tions; the highest magnetic field value used in the experiments was 22,000 
oersted. The thermal emf of the chromium sulfides was measured relative to 
copper. The temperature difference between the hot and cold junctions was 
found from absolute measurements of the temperature of each junction separately. 

The fact that chromium sulfides are subject to 
3 2 strong dissociation at high temperatures made it 
Platinum necessary to develop a special technique for investi- 
_ Molybdenum gating their electric properties. In order to obvi- 
pro vinun ate the possibility of decomposition at high tempera- 
tures the samples were mounted in special protective 
envelopes made of Pyrex glass (Fig.1). The mounting 
4 was arranged so that the free space above the speci- 
men in the evacuated and sealed off ampoule would 
be minimal. Only by this procedure was it possible 
to obtain fully reproducible results. 


Results and discussion 


Fig.1. Ampoule used 1. AS regards absolute resistivity (10-4-10-2 
for investigating the ohm-cm) the investigated chromium sulfides are inter- 
electric properties mediate between metals and semiconductors. The re- 
of the chromium sul- sistivity depends greatly on the chemical composi- 
fide samples at high tion: beginning with 50 atomic % S the resistivity 


temperatures: 1) sample, decreases, goes through a minimum at 54 atomic % S 
2) current electrodes, and then with further increase in the sulfur content 


3) potential elec- begins to increase. 9? It is worth noting that the 
trodes, 4) protective minimal resistivity was observed in the compound ex- 
envelope of Pyrex hibiting ferromagnetic properties (Fig. 2). 

glass. 2. Our measurements showed that chromium sul- 


fides in the S content range from 50 to 54 atomi 
Cc % 
are characterized by "spontaneous polarization" in the temperature range from 
1.8 to 210-300%, i.e., have a constant number of current carriers whose 


ON oat Shoe alk ca el Ra na at 


= 105F = 


5 energy lies in the con- 
20 duction band (Fig. 3). 


The decrease in conducti- 
vity with increasing tem- 
perature, as in netals, 

is due to changes in the 
mobility of the conduction 
electrons. As the tempera- 
ture is increased above 


cae pene LE 210-300°K, the current 


oe pa carrier concentration be- 
eels 


gins to increase expo- 
a 20 40 60 60 7,°K 


45 


50 S2 54 56 38 S,at.% nentially, as a result of 


which the conductivity at 


Fig.2. Variation Fig.3. Variation of the high temperatures is de- 

of the resistivity relative change in resist- termined, as in typical 

po of chromiun ance with temperature. semiconductors, not only 

sulfides with the The figures at the curves by changes in the con- 

sulfur content. indicate the sulfur con- duction electron mobility 
tent in atomic percent. but primarily by increase 


in the number of electrons 
in the conduction band owing to thermal ioniza- 
tion (Fig.4). On the basis of their temperature 
dependence, the investigated materials may be 
classed as semi-metals. From the standpoint of 
the character of the temperature dependence of 
the conductivity, the region of metallic con- 
ductivity of chromium sulfide may be divided 
into two intervals: an interval of low tempera- 
tures (1.8 to 80°K) in which the temperature 
dependence of the resistivity is characterized 
by p = AT + BT, and a higher tell perasune inter- 
val (80 to 300°K) in which p = AT”, where b = 
= 0.2-0.5 (here A and B are constant coeffi- 
cients). 

3. Our results definitely demonstrate the 
existence of intrinsic semiconductor conduct- 
ivity in the investigated materials at tempera- 
tures in the range from 420 to 620°K. Investi- 
gations in the region of intrinsic conductivity 
-273 -200  -10 0 0 = 200 showed that the semi-metallic state of the 


4, °C material can exist with an electron energy band 
Fig.4. Temperature depend- structure wherein the energy gap between the 
ence of the resistivity of normal valence band and the conduction band is 
chromium sulfides. The of the order of 1 ev. As the chemical composi- 
figures at the curves indi- tion is altered (the S content increased) the 
cate the sulfur content in forbidden energy band gradually narrows from 
atomic percent. 0.9 ev for CrS to complete overlapping of the 


bands in CrS1.17, which is ferromagnetic (Fig. 
5). Our investigation of the electric properties of chromium sulfides sub- 
stantiates the existence in these compounds of phases of variable composi- 
tion, originally detected by x-ray diffraction studies. With change in the 
comcentration of the components there occurs a continuous change in the 
character of the chemical bonds and the electron spectrun, which can be 
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Fig.5. Temperature dependence of the 
resistivity of chromium sulfides in the 
region of high temperatures. The fig- 
ures at the curves indicate the S con- 
tent in atomic percent. 


explained »y changes in the number 
of atoms a the unit cell and the 
lattice parameters. 10 

4. On the basis of our com- 
prehensive investigation of the 
conductivity, the Hall effect, the 
variation of the resistance in the 
magnetic field and the thermal enf, 
it may be asserted that chromium 
sulfides are materials in which 
the current carrier mobility is 
extremely low (of the order of 
1 em2 v-1l sec71) while the concen- 
tration of current carriers is 
large and equal to 5-1019-1022 
cm-3, The degeneration tempera- 
ture at such high concentrations 
is of the order of 600°K; the elec- 
tron energy in this case corres- 
ponds to the highest occupied 
electron level and does not notice- 
ably change with temperature. At 
such high concentrations of ion- 
ized impurities, scattering from 
them predominates over scattering 
from thermal vibrations of the 
lattice, as a result of which the 
electron mobility is only weakly 
dependent on the temperature. 

5. Investigation of the elec- 
tric properties of ferromagnetic 


and antiferromagnetic compounds of chromium with sulfur enabled us to estab- 
lish that the appearance of ferromagnetism in this system is connected with 
the metallic state of the material. We measured the conductivity and the 
temperature dependence of the conductivity of two specimens of chromium sul- 
fide having the same chemical composition, namely, CrS ;.37 (54 atomic % S) 

but subjected to different heat treatments prior to measurement. One of the 
specimens in the process of preparation of the compound was quenched from 
900°,, while the other was annealed at this temperature, i.e., after synthesis 
was held for a prolonged period at 900° and slowly cooled with the furnace. 

As a result there were obtained samples with different properties: the anneal- 
ed sample had ferromagnetic properties, while the quenched sample proved to be 
nonferromagnetic. Our measurements showed that the ferromagnetic sample had 

a resistivity (p = 4-10-4 ohm-cm) almost 2 orders of magnitude lower than the 


nonferromagnetic one (9 = 1-1072 ohm-cm). 


Measurements of the resistance at 


different temperatures indicated that the specimens differed from each other 
not only as regards the value of the resistivity but also as regards the 
character of its temperature dependence (Figs.6 & 7). 

Investigation of the temperature dependence of p of the ferromagnetic 
CrSj.17 made it possible to establish the presence of two magnetic transition 
temperatures, i.e., 159 and 303°K , corresponding to temperatures at which 
there is a break in the op = f(T) and (1/p) (dp/daT) = f(T curves (Fig.6) as 
well as in the curve characterizing the temperature dependence of the magnet-— 
ic susceptibility. On the basis of the available experimental data on the 


% 
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temperature dependences of the magnetic 
susceptibility, conductivity and specific 
heat of ferromagnetic CrS;_.17 it may be 
concluded that 303°K is the ferromagnetic 
transformation temperature at which a 
second order phase transition occurs (as 
in all other ferromagnetic substances). 
The character of the low temperature mag- 
netic transformation is still unclear 
owing to the lack of experimental data 

on the physical properties of the compound 


a 2 a a TE ea and the changes they undergo in the vicinity 
of this magnetic transformation temperature. 
Fig.6. Temperature dependence It will be evident from comparison of 
of the resistivity of ferromag- the curves in Figs.6 & 7 that the tempera- 
netic chromium sulfide (CrS, j7). ture dependence of the resistivity of the 


ferromagnetic sulfide differs from the 
dependence observed for the nonferromagnetic 


f @, 
a-t0y Som a material. The important point here is that the 
45 9 nonferromagnetic chromium sulfide has a tempera- 
ture dependence of the resistivity characteristic 
45 7 of semi-metals (Fig.7), while the temperature de- 
Is pendence of the ferromagnetic sulfide is that 
5t) typical of metals. This difference between the 
3 o = f(T) curvesis evidence of the different charac- 


ter of the electronic energy spectra of the ferro- 
magnetic and antiferromagnetic samples. The ener- 
gy spectrum of the ferromagnetic compound is in 
this case characterized by complete overlapping 
of the energy bands, whereas the band structure 
of the antiferromagnetic compound having the same 
Fig.7. Same as Fig.6 but chemical composition is characterized by a forbid- 
for nonferromagnetic den band some 0.045 ev in width. It must be noted 
chromium sulfide (CrS,_j7). that these changes are not connected with any 
noticeable changes in the structure of the com- 
pound inasmuch as no difference was observed between the x-ray diffraction pat- 
terns obtained from the ferromagnetic and nonferromagnetic samples. The hole 
ordering observed by Bertaut11 in iron sulfide indicates, however, that such 
ordering may also obtain in chromium sulfide. The possible existence of such 
superstructure in chromium sulfide is supported by the established relation 
between the electric and magnetic properties and the effects of quenching and 
annealing producing such structural changes. 

It should be noted that in chromium sulfides, as in all antiferromagnetic 
compounds, the character of the exchange interaction between the electron 
spins of different ions is indirect, i.e., the ferromagnetic and antiferro- 
magnetic states of these compounds are determined by the form of interaction 
between magnetoactive ions in which a predominant role is played by magneto- 
neutral ions. In the case of chromium sulfides the interaction between the 
chromium ions occurs with the active participation of the sulfur ions inasmuch 
as electron transitions between the chromium and sulfur ions are involved in 
the interaction. It would seem to us that the above-mentioned ordering of 
the holes cannot exert a substantial influence on the character of the indirect 
exchange whether the state of the given compounds is ferromagnetic or antimag- 


netic. 


Os my 
100 200 300 400 7, °K 
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Our experimental data substantiate the conclusion of Heikes!2, drawn 
on the basis of general theoretical concepts, regarding the relation between 
ferromagnetism and the metallic state in compounds of the transition metals 
with elements of groups V and VI B. It should be added that the antiferromag- 
netism of these compounds may be connected not only with the semiconductor 
state but also with the semi-metallic state of the material. 


Institute of the Physics of Metals, 
Ural Branch of the USSR Academy of Sciences 


References 


H.Haraldsen, ZS.Anorg.Allg.Chem. ,231, 78 (1937). 

R.Benoit, C.R., 234, 2174 (1952). 

R.Pauthenet, C.R., 234, 2261 (1952). 

L.Néel, Rev.Modern Phys., 25, 58 (1953). 

H.Haraldsen, A.Neuber, ZS.Anorg.Allg.Chem., 234, 337 (1937). 
R.Benoit, J.Chim. phys., 52, 201 (1955). 

K.Josida, Physica, 17, 794 (1951). 

A.Serré, J.Phys. et Rad., 8, 146 (1947). 

I.G.Fakidov & N.P.Grazhdankina, Doklady AN SSSR, 63, 27 (1948). 
N.P.Grazhdankina & I.G.Fakidov, Doklady AN SSSR, 102, 957 (1955). 
. F.Bertaut, C.R., 234, 1295 (1952). 

- R.Heikes, Phys.Rev., 99, 1232 (1955). 


° 


e 


~~ 
COMINMRGTPBWNH 


a 
DH 


- 1109 - 


LOW-TEMPERATURE RESISTIVITY OF NICKEL ALLOYS AND ITS VARIATION IN 
MAGNETIC FIELDS 


- E,I.Kondorskii, 0.S.Galkina & L.A.Chernikova 


Introduction 


This report will be concerned with the results of an investigation of the 
resistivity and the influence of magnetic fields on the resistivity of nickel 
and alloys of nickel with copper, chromium and manganese in the temperature 
intervals from 2 to 4.29 and from 14 to 20.4°K. Investigation of the resist- 
ivity and its variation in a magnetic field in the case of ferromagnetic 
metals and alloys allows of checking the extant theories of the anomalous 
variation of the electric conductivity of ferromagnets and yields the experi- 
mental data needed for further development of our concepts in this field. 

For purposes of comparison of theory with experiment, it is particularly 
_-important to obtain experimental data in the region of low (hydrogen and heli- 
um) temperatures inasmuch as at present theory gives quantitative results only 
in this temperature region. 

Actually there is little pertinent data available for ferromagnetic 
metals and alloys. Meissner & Voigt! investigated the variation of the resist- 
ance of nickel at liquid hydrogen temperature and at 4.2°K. Van Itterbeck et 
al“ studied the variation of the electric resistance of very thin films of 
nickel at temperatures from 1.69 to 4.2°K and in the hydrogen range. They 
found that the resistance increases with decreasing temperature. Smit? in- 
vestigated the resistance of nickel and Ni3Fe and Ni-Cu alloys in a magnetic 
field in the temperature range from room temperature to that of liquid hydro- 
gen. In their report Kondorskii & Ozhigov4 give the results of investigation 
of the resistance of nickel-iron alloys and the variation thereof in the re- 
gion of hydrogen temperatures and at the temperature of liquid nitrogen. Masu- 
moto & Shirakava® and Shirakava alone® studied the magnetic field dependence 
of the resistivity of alloys of nickel with copper, cobalt and iron in the re- 
gion of nitrogen, room and higher temperatures. The cited works contain no 
data on the temperature dependence of the resistivity of pure nickel in the 
region of helium temperatures (Meissner & Voigt give data only for the 4.2°K 
point) or data on the electric resistivity of nickel alloys in the region of 
hydrogen and helium temperatures (except for nickel-iron alloys in the region 
of hydrogen temperatures). Aside from the sources mentioned, there are virtu- 
ally no data in the literature on the variation of the resistivity in a mag- 
netic field for nickel and its alloys at low temperatures. 

The purpose of the present work was to investigate the temperature depend- 
ence of the resistivity of nickel and its alloys in the region of hydrogen and 
helium temperatures. 


1. Procedure and samples 


The resistance was measured by the conventional potentiometer procedure. 
We used a PPTN-1 type potentiometer fabricated by the Krasnodarsk plant by 
means of which one can measure resistances with an accuracy of 1 in 10,000. 
The magnetic field was produced by means of a solenoid which yielded a field 
of 3000 oersted with a current of 20 amp. The temperature was determined 
from the indications of a pressure guage measuring the vapor pressure in the 
Dewar. The measurements were carried out in the temperature intervals from 
2 to 4.2° and 14 to 20.4%. 

The samples in the form of wires 0.2-0.1 mm in diameter were prepared of 
alloys supplied by the TsNIIChM (Central Scientific Research Institute of 
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Ferrous Metallurgy). The wires were 
formed by cold drawing. All samples 
were subjected to annealing in an atmos- 
phere of neutral gas at 900° for 1-12 
tS hours followed by slow cooling; some of 
Re ie the samples were quenched from 900° in 
ee | — air, while the Ni,Mn samples were quench- 
cart eae Se ae ed from 900° in water. According to 
= par chemical analysis data the Ni-Cu alloy 
G09 


ae 1) Ni - 99.9%, 2) Ni - 95.4%, Cu - 4.6%, 
= 3) Ni - 90.1%, Cu - 9.9%, 4) Ni - 84.9%, 
Cu - 15.1%, 5) Ni - 80.9%, Cu - 19.1%, and 
6) Ni - 74.9%, Cu - 25.1%. 


samples had the following compositions: 


Fig.1. Temperature dependences 2. Resistivity of nickel and 
of the resistivity o of nickel nickel-copper alloys 


and its alloys with copper. 

The curves characterizing the 
observed variation of the resistivi- 
ty of our nickel and nickel-copper 
alloy samples with temperature are 
shown in Figs.1 & 2. "Steps" are 
noticeable in some of the curves in 
the 3 to 4°K temperature interval. 
The most substantial change in the 
resistance in this temperature re- 
ie gion was observed in the case of 
the alloy with 19.1% copper which 
also exhibited the maximum change 
j in resistivity in a magnetic field 
an J (see below). 

p It is probable that the "steps" 
in the resistivity curves in the 3 
to 4°K interval are connected with 
the presence in the alloys of traces 
of superconducting substances, not 
detected in the chemical and spec- 
fh i ll dot tral analyses. The residual resis- 
ester sacEa ee tivity of the nickel used in pre- 

; : paring the alloys was 1.54°1076 
Fig.2. Temperature dependences of ohm-cm, i.e., 4.4 times higher than 
Pr - Pg (p> is the residual resistivi- that of the samples described by 
ty) for nickel and nickel-copper alloys. Meissner & Voigt. Only further 

investigations will show whether 
such "steps" appear in the resistivity curves of samples comprised of higher 
purity components. It is possible, however, that these "steps" are connected 
with the appearance of superconductivity in some parts of the ferromagnetic 
alloys. Recently Ginzburg? indicated that superconductivity may obtain in 
ferromagnets under certain conditions. 

In describing the temperature dependence of the resistivity of nickel 
and its alloys in the region of helium and hydrogen temperatures it is con- 
venient to deduct the step from the total value of the resistance, i.e., to 


Pr fy. 10° So-em 
125 


dl Le 


consider the quantity pp = Pp - Op, where 4p = the "Step". In determining 

‘Q@y one should obviously assume that 4p = 0 at T< T, and Ap = const > 0 at 

T >To, where To are the temperatures corresponding to the interval in which 
the step is observed. The resistivity of ferromagnetic metals in the region 
of low temperatures is described by the formula of Vonsovskii & Turov®: 


ia x 2 
Op ~ Pg = OT + AQT (1) 


where Po is the residual resistivity. The values of the constants QQ and A», 


deduced from our data* if one sets = Py are listed in the accompanying 


table. They cannot as yet be deduced from theory. 
The temperature dependence of Pp can also be described by the empirical 


formula 
Pr =P, + 1” (2) 
Values of the residual resistivity The corresponding values 
and the constants of n and pp are also listed in 


entering Eqs.(1) and (2) for Ni-Cu alloys the accompanying table. For 
most of the investigated alloys 


Gin WE | G,- 108 | a,-402° | ag+401° | n the value of n is close to 3/2. 
oe Ee The variation of the residual 
0 4,54 { 0,4 1,54 resistivity as a function of 
4,6 4,97 ie 0,4 1,49 the Cu concentration in the 
a sites ri | we ve alloys is plotted in Fig.3. 
19,1 13,70 49 0.6 1,54 It will be seen that the vari- 


ation is linear. 
In Fig.4 we give the 
curves characterizing the temperature dependence 
fy DoH of the resistivity of alloys with 15.1% and 
25.1% copper in the demagnetized state in the 
absence of a field, with residual magnetization 
in the absence of a field and in different mag- 
netic fields. In strong fields the magnitude 
of the "step" decreases and at H = 2000 oersted 
the step virtually vanishes. The smooth charac- 
ter of the resistivity curve in strong fields 
indicates that the observed "steps are not due 
to magnetic texture of the samples in the initial 
state (with no field) .** 

*These constants were determined graphically: 
Fig.3. Variation of the re- we plotted the variation of (p90. 407Po) /20. 4°-T) 
sidual resistivity of Ni-Cu as a function of T for the hydrogen temperature 
alloys with the Cu concen- interval and drew a straight line through the 
tration. points to the intersection with the y-axis. 

*kIt might be assumed that the "steps" in the 
resistivity curves are due to the fact that the initial distribution of domains 
in the sample is not homogeneous, for example, that the domains are oriented in 
a plane perpendicular to the axis of the wire. Then if we assume that the abso- 
lute magnitude of the change in longitudinal resistance in a magnetic field with 
decreasing temperature increases sharply in a narrow temperature interval, we 
should expect to observe a decrease in resistance in this temperature interval 
in the case of specimens with the indicated nonhomogeneous aomes distribution. 
In this case, however, in 4 strong field orienting the domains along the wire 
axis there should be observed an inverse "step" in the temperature dependence 


of the resistivity curves. 
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Fig.5. Variation of OR,/Ry with T for 
Ni and Ni-Cu alloys. 


i 4 “ : 5 : ae 4. Variation of the resistance 
Fig.4. Temperature dependences of of nickel and nickel-copper alloys 
the resistivity of Ni-Cu alloys in strong magnetic fields 
with 25.1% Cu (a) and 15.1% Cu (b) 
in the demagnetized state with no The variation in resistivity ina 
field (J = O and H = 0), in the magnetic field can be characterized by 
state of residual magnetization the quantities Mo, ARy/Rp and FRAG 


with no field (J = Jres and H = 0) where is the change in the absolute 
and in different fields. magnitude of the resistance upon the 
application of a magnetic field at the 
temperature T, Rp is the no field resistance at this temperature and Rp is the 
resistance at some reference temperature, for example, at room temperature. 

In the work of Kondorskii & Ozhigov4 it was shown that ARy varies little 
with the temperature in alloys of nickel with iron in strong fields in the 
region of nitrogen and hydrogen temperatures 
and that the temperature dependence of ARy/Rp 
is determined primarily by the temperature de- 
pendence of the resistance itself. 

Figs.5 & 6 show the curves characterizing 
the variation of OR;/Rp and AR./Rp with the 
temperature for nickel and Ni-Cu alloys with 
different Cu concentrations; here oR, is the 
change in resistance produced by magnetization 
to saturation. The value of OR, is determined 
in each case by extrapolation of the recti- 
linear part of the plot of ORy as a function 
of the field H to H = O. 

In the temperature range from 4.2-20.4%K, 


7°k 4R</Ro for nickel and nickel alloys containing 
Fig.6. Variation of R</Ro 5, 10 and 25% copper varies little with the 
with T for Ni and Ni-Cu temperature and is approximately equal to the 


alloys. value obtained by Kondorskii & Ozhigov for 
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nickel-iron alloys. In the case of Ni-Cu alloys 
with 15 and 20% Cu, however, there is observed a 
decrease of AR,/R, with increasing temperature in 
the entire range from 2 to 3009.2 The increase of 
OR./Rp and AR</Ro in alloys containing 15 to 25% 
copper in the helium temperature range, which is 
connected with the decrease in the magnitude of the 
"step in strong magnetic fields (see Fig.4,b), may 
not occur in the case of specimens of higher purity. 
The variation of LR</Ro with the composition 
of the nickel-copper alloys at different tempera- 
tures is shown in Fig.7. It will be seen that a 
peak value of AR./Ro is obtained at copper contents 
of 15 to 20%. It is interesting to note that in 


Fig.7. Variation of nickel-iron alloys the maximum value of AR,/Rg is 
_ 48,/Rp for Ni-Cu alloys also obtained when the alloy contains about 15% of 

with the Cu concentra- the second component (i.e., iron). 

tion at different 

temperatures. 4. Variation of the resistance of Ni-Cr alloys 


in magnetic fields 


Curves characterizing the temperature dependence of LR s/Rp with H = 2000 
oersted for Ni-Cr alloys with different Cr concentrations are shown in Fig.8. 
_In contrast to the case of other ferromagnetic metals and alloys, in these 
alloys the value of AR,/Ry is negative in a certain temperature interval, i.e., 

the resistivity decreases upon magnet- 
= 10 ization to saturation in a longitudin- 
al magnetic field. It will be evident 
from the curves of Fig.8 that the 
temperature dependence of AR,/Ryp for 
Ni-Cr alloys is rather complicated. 


5. Change of the resistivity of an 
ordered nickel-manganese alloy in a 
strong magnetic field 


The influence of ordering on the 
galvanomagnetic effect in Ni-Mn alloys 
at room temperature has been studied 
Fig.8. Variation of AR,/Rp with T for by Komar & PortniaginlO and Annaev!!, 
Ni-Cr alloys in a 2000 oersted field. According to Annaev ordering in the 

NigMn alloy leads to an appreciable 
increase in the change of resistivity in a longitudinal magnetic field. Ac- 
cording to the data of Komar & Portniagin, the magnitude of ORp/Rp, due to 
orientation of the domains in a longitudinal magnetic field, decreases with 
ordering. 

We investigated the variation of the resistance in a longitudinal mag- 
netic field in an alloy composed of 25.6 at.% Mn and 74.4% Ni. The RA 
disordered state was realized by quenching in water after annealing at 900 
for 1 hour. States with different degrees of ordering were obtained by re- 
annealing the quenched samples at 450° for different periods ranging from 

40 hours. 
peer The resultant curves characterizing the variation of ARy_/Ryp with the 
field at room temperature are shown in Fig.9. As regards the shape of the 
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a 1000 2000 JO 
H.(e 
Fig.9. Variation of AR /Rep as a 
function of the field for Ni3Mn 
samples annealed at 450° for dif- 
ferent lengths of time. 


at higher temperatures (Fig.11). 


curves, our results for room tempera- 
ture are in agreement with the data 
of Komar & Portniagin19. 

The curves for ARy/Rp vs H at 
four different temperatures obtained 
for the quenched (disordered) sample 
and for the (ordered) sample annealed 
for 40 hours at 450° are shown in 
Fig.10 & Fig.11. It will be seen from 
the curves of Fig.10 that ARy/Ry for 
the quenched (disordered) sample in- 
creases with the field strength and 
remains positive in fields up to 3000 
oersted. At the temperature of liquid 
helium the value of ARy;/Ry for the 
quenched alloy is approximately 6 times 
higher than at 283°K. In the case of 
the annealed (ordered) Ni3Mn sample, 
ARp/Rp at first increases somewhat 
with increasing field strength and 
then decreases, even becoming negative 


The derivative d(ARy/Ryp)/dH, characterizing the slope of the ARy;/Rp curves, 
decreases with decreasing temperature and hence at low temperatures the change 
in sign of AR;/Rp occurs in stronger fields. 

We desire to thank A.I.Shal'nikov for making available the cryostatic 
equipment of the Low Temperature Department of Moscow State University and 
for his valuable advice in connection with the investigation. 
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Fig.10. Variation of SRy/Rp with the 
field strength at four temperatures 
for the At Be alloy sample quenched 
from 900° (disordered). 


Physics Department, 
Moscow State University 


0 1000 2000 = 3000 
A0e 
Fig.11. Same as Fig.10 but for 
NijMn sample annealed for 40 
hours at 450° (ordered) . 
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RESISTIVITY AND THE EFFECT OF A STRONG MAGNETIC FIELD ON THE RESISTIVITY OF 
IRON-NICKEL ALLOYS AT LOW TEMPERATURES (14-77°K) 
- E.I.Kondorskii & I.E.Ozhigov 


1. Investigation of the electric resistance and the galvanomagnetic ef- 
fect in ferromagnetic metals and alloys in the region of low temperatures al- 
lows of checking some of the predictions of the quantum theory of the conduct- 
ivity of ferromagnetic metals and thus facilitates further development of the 
theory. Hitherto the electric resistance of iron-nickel alloys and its vari- 
ation in a magnetic field, i.e., the galvanomagnetic effect, has been investi- 
gated by Shirakaval down to -195°. The purpose of the present work was to in- 
vestigate the resistivity and the galvanomagnetic effect ORy/R in a longitudin- 
al magnetic field in iron-nickel alloys with nickel concentrations of 40 to 
100% in the low temperature region from 14 to 90°K with a view to establishing 
the temperature dependences of p and AR,/R; a further purpose was to determine 
the influence of heat treatments producing ordering on these parameters. 

As has been shown by Bozorth2 ordering in iron-nickel alloys close to 
FeNig as regards composition results in reduction of the resistivity and in a 
number of cases in an increase in the magnitude of the galvanomagnetic effect. 

2. The alloys for our samples were prepared in a high-frequency furnace 
under a layer of flux. To obtain the ordered states the samples were subjected 
to annealing in steps for 14 hours in the temperature range from 500 to 410° 
with subsequent slow cooling. The disordered state was realized by quenching 
the samples from 950° in vacuum-oil cooled with circulating tap water. In 
the case of measurements in the temperature range from 77.5 to 63.15°K the 
samples were surrounded with liquid nitrogen maintained at different pressures, 
the temperature in each case being determined from the indications of the 
pressure gage. For the measurements in the range from 20.4 to 14°K liquid 
hydrogen was employed in the same manner. The magnetic field (up to 10,000 
oersted) was produced by an electromagnet. 

3. The resistivity of the investigated alloys subjected to quenching (40 
to 93.3% Ni) was higher than the resistivity of the alloys subjected to step 
annealing. The change (4p), in the absolute magnitude of the resistivity in 
a longitudinal magnetic field was greater in all cases for the quenched alloys 
than for the step annealed ones. Thus ordering evidently reduces (49) 5. The 
variation of the relative change in resistance (AR,/R), with the concentration 
is more complicated. In the region of 85-90% Ni concentrations, where the 
maximum of (AR,/R), occurs, this quantity is larger in the case of quenched 
alloys; in the region of 70-80% Ni concentrations, i.e., in alloys close to 
FeNiz as regards composition, where the resistivity falls off with ordering, 
(AR, /R)g is greater in the case of alloys subjected to step annealing. 

4. The temperature dependence of the resistivity in the range from 14 to 
90°K for alloys containing 40.3 to 93.3% Ni in the quenched (disordered) 
state is described by 


=p e&T?~p (1 2 
P, = Pe p, (1 + BT*), a) 


eee Po is the residual resistivity and B is a temperature independent para- 
neter. 

The value of (4p), for the investigated alloys changes insignificantly 
in the temperature range from 90 to 149K; with further reduction in tempera- 
ture (4p), decreases slightly. Thus the temperature dependence of (QR, /R) s 
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| is determined primarily by the temperature variation of R. Consequently, the 
temperature dependence of (AR, /R), of the investigated alloys in the tempera- 
ture range from 14 to 90°K is described by a formula analogous to (1), namely, 


BR \ 2 (ORL or (42 3 
( R =( R )e a a pee Ty i 


where y = CB. For the investigated alloys the coefficient C lies between the 
limits 0.9 and 1.3. 
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INVESTIGATION OF MAGNETOSTRICTION AND OTHER EVEN EFFECTS IN THE 
REGION OF APPROACH TO SATURATION 
- G.P.D'iakov 


We know that under the influence of exchange forces and the forces of 
anisotropy there are formed in ferromagnetic crystals regions (domains) of 
spontaneous magnetization. The magnetic moment of each such region will tend 
to orient so that the total energy will be minimal. The geometric sum of the 
magnetic moments of all the spontaneous magnetization regions gives the re- 
sultant magnetization of the entire crystal. If we designate the direction 
of stable equilibrium of the moments of the spontaneous magnetization regions 
by LZ; and the relative volume of the crystal in which the spontaneous magnetiz-— 
ation moments are aligned with 1, by n;, the magnetization of the crystal will 


be given by 
i=k 


J=J,dinL,. (1) 
t= 

The quantities ni, L; and J, can vary under the influence of different factors 
(magnetic field, elastic stresses, etc.). In all such cases there will ob- 
viously occur a corresponding change in the magnetization of the crystal. 
The process of change of n; is called displacement of the boundaries between 
the spontaneous magnetization regions (displacement of the domain walls). 
The process of change in the orientation of 1; is termed rotation and the 
process of change in the absolute value of /, is called the paraprocess. 

The magnetization of ferromagnetic single crystals is determined primari- 
ly by the first two magnetization processes. As the strength of the applied 
magnetic field is increased, both the phase volume n; and the direction of 
stable equilibrium L; will change. At some value of the magnetic field Hg, 
i.e., the saturation field, the ferromagnet will become a single phase system 
and the stable equilibrium direction JL; in it will be parallel with that of 
the magnetic field. In other words, the single crystal in this case will be 
magnetized to saturation. 

Magnetization of a single crystal is accompanied by alteration of its 
shape (magnetostriction) , change in its resistivity and a number of other 
effects. Investigation of magnetostriction is fundamental to the general 
theory of ferromagnetism. In his basic work Akulov! established that the 
magnetostriction of a single crystal magnetized to stauration is character- 
ized by the anisotropy law 


3 1 
h =F hioo( Bsieh— 5) + SinB sisigigs (2) 


where s; are the direction cosines of the vector J, referred to the tetragonal 
axes of the crystal, g, are the direction cosines of the direction of measure- 
ment referred to the same axes and },,. and i,,, are the saturation magneto- 
striction coefficients along the edge and diagonal of the cube. 

Equation (2), while deduced for magnetostriction, is also applicable to 
calculation of the change in resistance. In fact, Akulov showed that Eq. (2) 
is applicable to calculation of all even effects provided the single crystal 
is magnetized to saturation. The anisotropy law (2) shows how the magnitude 
of a given even effect will change with changes in g; if the direction co- 
sines s; are known. This deduction from theory has been substantiated by 
numerous experiments. The direction of the stable orientation of the vector 
J; relative to the crystal axes is, however, not always known. It is of 
interest to solve the inverse problem, namely, to determine the stable posi- 
tion of /, from the known value of the magnetic field. Here in calculating 
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the even effects one must determine the energy minima of the crystal and the 
position of the vector /, relative to the crystal axes as a function of the 
different factors acting on the crystal. This problem has not been solved in 
the general case. In the region of approach to magnetic saturation, however 
this problem can readily be solved. ' 
A series of works2-4 on magnetostriction published earlier by the writer 
constituted the first step in this direction and formed the basis of a theory 
of even effects in the region of strong magnetic fields. A general relation- 
ship for magnetostriction in the region of approach to saturation was given 
in Ref.2. This relationship is commonly termed the law of approach to satura 
tion of magnetostriction and other even effects. The theory developed in Ref. 
2 shows that the magnetostriction in a material devoid of texture and free of 
internal elastic stresses must be related to the anisotropy constant Kj, the 
magnetostriction coefficients },,, and ),,,, the saturation magnetization 
and the intensity of the applied field H by the expression 


coz om) ee 
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A= 35 (Arza — Aroo) iJ, ’ 
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Somewhat later an analogous theory of magnetostriction was developed by 
Lee*®. His calculations carried out independently of the writer's, also led 
to Eq.(3). If we take into account the magnetostriction due to the parapro- 
cess, we must supplement Eq. (3) by the addition of a term ¥,p H, where Yap 
is the magnetostrictive susceptibility associated with the paraprocess. Thus 
Eq. (3) is brought to the form 


where 


: a if A B A 
h=h(4 i ; . Nop ae (4) 


Further development of the theory proceeded along the lines of taking into 
account internal stresses?»4 and the influence of magnetic interaction between 
the crystallites®. 

In all the cited works, however, no account was taken of the second aniso- 
tropy constant Ko and the law of approach to saturation was limited to the 
first and second terms of the expansion. It is clearly of interest to deter- 
mine to what extent it is justifiable to leave out terms in higher powers 
of H from Eq. (3) and to evaluate the possible influence of the second aniso- 
tropy constant Ko- This problem is most easily solved for materials that are 
isotropic as regards magnetostriction. 

Let us, therefore, first turn to the case of isotropic materials, bearing 
in mind that for them iyo =hy= hs We shall not dwell here in detail on the 
method of calculation of the magnetostriction (it is described in full in our 
earlier contribution) , put will only recapitulate the more important steps of 
the calculation. 

Assume that we have a ferromagnetic single erystal in an external magnetic 
field. If the single crystal is subject to the influence of deforming forces, 
the orientation of the spontaneous magnetization vector J, will depend not 
only on the strength and direction of the magnetic field H but also on the 
magnitude and direction of the stress vector 0 (Fig.1). Now misalignment of 
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the magnetization vector with respect to the field vector will depend to an 
appreciable degree on the elastic stresses arising in the given material. 

In the region of strong magnetic fields the angle between the spontaneous 
magnetization vector /, and the field vector H will be small: consequently, 
the angles 

a=9—} and p=9—g! 


will also be small. Expanding the magnetostriction into a series in terms of 
aand g, as described in the cited references, we obtain 


h = Do+ Dix + D8 + D3aB + Dyx?+- D5B? + DyaF + Do?B + DgaB?-- D,B3, (5) 
mh, 3 3 . , O 
where Dy =hs, De= —F hs, Ds = —+dysin®9’, D, = — 5), sin 9’ cos”. 


In the case under consideration all the other coefficients vanish. 

The parameters « and 8 in (5), which determine the spatial position of 
the spontaneous magnetization vector, can be found from the minimization con- 
ditions for the total energy of the crystal, which in the given case will be 
comprised of four parts: 

1) the energy of the crystal with respect to the external magnetic field: 


Ug = —JsH (syhy + Soke + 83h); (6) 


where s,,s, and s, are the direction cosines of the vector /, referred to the 
crystal axes and h,,h, and h, are the direction cosines of the field vector 
referred to the same axes; 

2) the energy of the magnetic crystallographic anisotropy* 


USSU, Ss es ee (7) 


where K; is the first anisotropy constant and Ko is the second anisotropy con- 
stant; 
3) the magneto-elastic energy 


3 1 5 
U,;=—s E Raise (stot — 5) + ShaiBsis yo], (8) 


where v; are the direction cosines of the stress vector. 
Thus the total energy per unit volume of the crystal will be 


UF = Ure + a ole Ue. (9) 


The parameters a 
and 8 in (5) can be 


Fig.l. Orientation determined from the 
of the vectors /,, condition for minimum 
H and o relative total energy of the 
to the crystallo- crystal and the ad- 
graphic axes of ditional condition 
the single crystal, that 

taken here as the 

coordinate axes. sit 53+ 55 = 1. 
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*In Refs.2-4 the magnetic anisotropy energy 
was taken in the form Ue =U, + 2K, (sis3-+ s2s2 + 525%), 
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_Substituting the expressions for « and 8 obtained in this manner in Eq.(5), we 
obtain an equaltion for the magnetostriction of a single crystal. Thus this 
calculation allows of determining the variation of the magnetostriction of a 


single crystal for any direction of the external field relative to the crystal 
axes. 


Magnetostriction of polycrystalline materials 


From the practical standpoint, however, calculation of the magnetostric- 
tion of polycrystalline specimens is more important. We determined the mag- 
netostriction for nontextured polycrystalline materials by averaging the mag- 
netostriction of a single crystal. We shall omit here the cumbersome inter- 
mediate computations and give only the final expression for the magnetostric- 
tion of isotropic materials with a "diffuse" (all directions equally probable) 
distribution of elastic stresses. 


The deduced expression for the magnetostriction of isotropic materials 
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jos ieee 
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Thus by taking into account the elastic stresses and the second anisotropy 
constant, we have arrived at a more accurate description of the behavior of 

the magnetostriction in the region of strong magnetic fields. Further, the 
calculations allow of determining the magnitude of the term c,,/H8 , which was 
rather arbitrarily discarded in our earlier works2-§ as a negligibly small 
quantity. 

Let us see how many times larger the second term in (10) is than the 
third, previously discarded term. 

It can readily be shown that in the case when 0 = O and Kg = 0 

Be ees ie 
mK, 

Consequently, when 2/,H>K,, the third term in Eq.(10) is actually small and 
can be neglected. Knowing the values of J;, Kj, Kg and 9 for the investigated 
material, we can now in each case evaluate the relative importance of the 
third term in the law for approach to saturation of magnetostriction and other 
even effects. 

An important result of the theory was that it made it possible to develop 
a new method for determining the important constants of ferromagnetic materi- 
als. For example, the anisotropy constant of iron-nickel alloy was evaluated 
by this method in Ref.7. Unfortunately, there are scarcely any data in the 
literature on measurements of magnetostriction in the region of approach to 
saturation. Actually at present we know of only one thorough investigation, 
namely, that of Lee , performed in Bates laboratory. Unfortunately, in his 
report Lee does not give detailed data, which naturally makes it difficult to 
compare the results of experiment with our theory. Yet knowing the magneto- 
strictive susceptibility of a polycrystalline material, one can determine jo 
and Au. 
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Thus differentiating (4) with respect to H we obtain 


On Ax 2Bxr (1 1) 

We Soe we a, bin, 

The value of the magnetostrictive susceptibility associated with the ee 

cess at room temperature (according to the measurements of Doring) is 

per oersted. Hence in further calculations we can neglect Yap in Eq. (11). 
Multiplying both sides of (11) by H2 and substituting the values for A 


and B, we obtain 


a Sak 2Ki / 32 984 es 12 
_— HP? = OE Pe (Nia Aioo) ++ se (i061 roo + 5005 Ain HH’ (12) 
or 
oh Ht = a+ bH, (13) 
where He ay 
il Ty ge (Au11 — A100); 
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K2 
1 / 64 4968 (15) 
b= = (oor Aioo ms sap3 hunt} : 
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From expressions (13), (14) and (15) it follows that knowing the magneto- 
strictive susceptibility of a polycrystalline specimen from experiment, one 


can determine the magnetostriction coefficients },,, and },,,. In order to 
check these deductions, we carried out measure- 
wit eré/om™ ments of the magnetostrictive susceptibility 
coo 4 of nickel, using a sample in the form of a 
4 2 strip 150 mm long, 10 mm wide and 0.1 mm 
oe thick. 
ate he 180° p The specimen was heat treated so as to 
spar insure complete absence of crystallographic 
texture. The analysis for texture was car- 
Fig.2. Torque curve obtained ried out by the magnetic procedure, i.e., 
by the magnetic technique for by recording the torque curve. The magneto- 
the specially heat treated gram for the heat treated sample is shown 
nickel specimen. in Fig.2; it will be evident that this speci- 
4 erg/ on? men was devoid of crystallographic texture. 
8. For comparison, in Fig.3 we give the magneto- 


gram for a similar specimen that was only 
annealed under vacuum at 1100°. It will be 
evident from the figures that the thermal and 
mechanical treatment to which the specimen 

is subjected is of paramount importance. 

The magnetostriction measurements were 
carried out by means of resistance strain 
gages connected in a bridge circuit. The 
indicator in the diagonal of the bridge was 
a photoelectrooptical amplifier, which greatly 
Fig.3. Magnetogram obtained enhanced the sensitivity of the set-up and 
for a nickel specimen heated made it possible to measure the magnetostrict- 
at 1100° in vacuun. ive susceptibility with high accuracy. 

The results of measurement are shown in 
Fig.4. It will be seen that in accord with Eq.(13) the magnetostrictive sus- 
ceptibility in strong magnetic fields is a linear function of 1/H. The recti- 


Direction of rolling 
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linear plot intercepts the y-axis at a point 
equivalent to the first term in (13). The 
magnitude of this y-intercept is 


a = 50-1075; 


from the slope of the line we get 


ajkselal bisaet eel 4 
WU): ae ee ee ee 
OSM & i 1 0 SS 40 45 HO 5 60 If we take K, = 5-104 erg/cm® and J; = 500 
aes gauss for nickel and the values of a and b from 
Fig.4. Variation of the experiment, we can readily determine },), and 
magnetostrictive suscepti- Ai. by means of Eqs.(14) and (15). The values 


bility of the nickel sample calculated in this manner are 
as a function of the mag- 
netic field. yoo = — 49-107 and Ay = — 27-10. 


These values are in satisfactory agreement with the experimental data 
obtained from direct measurements on single crystals’. 

It will be noted that in deriving the law (4) of approach to saturation 
for polycrystalline materials, we averaged the magnetostriction of an isolated 
single crystal. It may be questioned, however, whether the formula for an 
isolated single crystal is really applicable to the microscopic single crys- 
tals of which commonly used engineering materials are comprised. Does not the 
interaction between these microcrystals play a sufficiently important role to 
invalidate the deduced law for approach to saturation where ordinary poly- 
crystalline materials are concerned? 

There can be no doubt that this is indeed a pertinent question. Nee1® 
was the first to take into account the influence of magnetic interaction be- 
tween crystallites. His calculations indicate that in the first approximation 
the influence of magnetic interaction can be taken into account in the law of 
approach to magnetostriction for independent crystallites by multiplying the 
group of terms containing H by a constant factor Gj. Further Neel showed that 
for anisotropic materials in the region of high fields of interest to us here, 
G, is always close to 1/2. Thus it would appear that magnetic interaction be- 
tween the crystallites leads to a reduction of the magnetostrictive suscepti- 
bility. 

On the other hand, in polycrystalline materials the mechanical forces in 
and elastic properties of the material vary from point to point, depending on 
the crystallographic orientations of the individual crystals. As Viadimirskiil 
has shown this circumstance should also affect the magnitude of the magneto- 
striction. It follows from his calculations that the mechanical interaction 
leads to a certain increase of the saturation magnetostriction. If we apply 
Vladimirskii's method in the region of fields close to saturation, then in 
the first approximation we must multiply the group of terms containing H by 
a factor Go taking into account the mechanical interaction. Our experimental 
investigation of the magnetostrictive susceptibility of nickel showed, how- 
ever, that Eq. (3) deduced without taking into account magnetic and mechanical 
interactions is generally in agreement with experiment. 

It is difficult to imagine that the comparatively weak influence of 
mechanical interaction can fully compensate the influence of magnetic inter- 
action on the magnetostrictive susceptibility. It would appear, therefore, 
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that the assumptions (presence of free magnetic poles at the grain boundaries, 
etc.) invoked by Néel for his calculations of the magnetic interaction between 
the crystallites are highly approximate and are not validated by experiment. 
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SOME ASPECTS OF THE THEORY OF ELASTIC FERROMAGNETIC (MAGNETOSTRICTIVE) MEDIA 


In designing magnetomechanical transducers, or, more specifically, in 
calculating the changes taking place in a ferromagnet when it is subjected 
to a magnetic field, mechanical stresses and heat, one must make use of equa- 
tions of electrodynamics, elasticity theory formulas and equations of state. 

In a polarized ferromagnet, mechanical stresses are, in general, repre- 
sented by an asymmetric tensor. As has been shown by Brown!,2, however, one 
can introduce a symmetric stress tensor (o4, = of), at the same time appropri- 
ately modifying the form of the elasticity equations. In what follows we 
shall make use of this symmetric stress tensor. 

i. Let us deduce approximate equations of state for an elastic ferromag- 
netic medium by expanding one of the thermodynamic potentials in powers of 


small parameters. We shall use this device to consider quasistatic processes. 


As our first or initial thermodynamic potential, let us choose the free energy 
per unit mass. Let us expand it in powers of the components of the deforma- 
tion tensor <,;, components of the specific magnetization vector M, (the mag- 
netic moment per unit mass) and the temperature change AT. We shall carry 
this expansion to terms quadratic in éij and AT and to sixth order terms in 

M, about the state in which «¢,=0,M@,=—0 andT=T,-. As has been shown by 
Brown, 2 the change in free energy per unit mass is 


dF = H, dM, +0 (94; dei;) ~ sdT, (1) 


where the H, are the components of the magnetic field vector, v is the speci- 
fic volume, 


v=1/p = %(1 + onrekxe), (2) 
p is the density and s is the entropy per unit mass. 
Before proceeding we make the following comments. First, the free energy 


per unit mass of a demagnetized ferromagnet is invariant? under the symmetry 
operation R. Second, from Eq.(1) it follows that 


OF 1 ee eo 
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Third, when taking partial derivatives of the free energy the order of differ- 
entiation is immaterial. Also, let us introduce the new variables 


Jq = Mq/ (4) 
which is the magnetic moment per unit volume, and 
iS == SHLD; (5) 


which is the entropy per unit volume. All the above gives us the following 
equations of state (retaining only linear terms in «¢; and AT, and going to 
fifth order terms in J,): 
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where 


Q=TS. (9) 


These equations can be obtained equivalently by transforming to the vari- 
ables J, and §S in Eq.(1) and using F’—//»y, for the thermodynamic potential. 
The equations of state (6)-(8) are actually expansions of o,,, H, and 
—S in powers of ¢;;, /, and AT, and the tensor constants that enter into 
these equations are their partial derivatives at ¢;;=0, Jm=0 and AT = 0. 

Some of these tensor constants are related; in particular 


0o* 0 On 
ij = Bij + SSi;, 
0* 0 0 
mnfg = Omnig — Ymndjgs 
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Cigig = Cygig — Ffg0ij, 
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The constants without an asterisk can be expressed in terms of partial 
derivatives of the free energy F or F’, 

The differences between the constants with an asterisk and those without 
arise from the fact that unlike the usual similar treatments of magnetostrict- 
ive or electrostrictive media, our Eq.(1) for the change in the free energy 
includes the change in the specific volume incident to deformation. Ordin- 
arily these differences are not great. 

ee Let us evaluate, for instance, the difference between the constants 
Qmnjg and Oana which characterize the magnetomechanical properties of iso- 
tropic polycrystalline ferromagnets. From (6) (settings, -s° — (and AT = 0 
and restricting the considerations to quadratic terms) it follows as regards 
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AD Ce 
,order of magnitude Q3393 ~ where }(,, and J. are the saturation magneto- 


(8) 
Bue oe and magnetization. Setting }(..~10%, Ji. ~1000 gauss and C3333 ~ 102 
dyne/cm“, we obtain (33. ~ 10. From the second of equations (10) and the fact 
that 73, = 1/X33, where 72, is the reversible susceptibility ( x8,~ 10 to 100), 
we are led to the conclusion that the difference between Ole and On 
is of the order of a few percent or even a fraction of a percent. 

The physical meaning of this difference becomes clearer if we note the 
following. According to (7), even in the absence of magnetostriction (i.e., 
when Qinntg = 0 and Orente =e dye) deformation connected with a change in volume 
(at a given magnetic field strength) should lead, in a polarized ferromagnet, 
to a change in magnetization (but not in M,) proportional to the polarization 
magnetization and to the change in volume. 

Not all the components of the tensor constants in Eqs.(6)-(8) are inde- 
pendent of each other. The indices /g, ij and kl represent differentiation 
with respect to the deformations, while the indices m,n,p,q,r and s represent 
differentiation with respect to the magnetization. By making use of the fact 
that the partial derivatives of the free energy are independent of the order 
of differentiation, one can show that the components of all the tensors with- 
out asterisks are invariant under permutations of the indices m,n, p,q,... 


among themselves, or pairs of indices fg, ij,... among themselves. Since 4; 
and <;; are symmetric tensors, the components are also invariant with respect 
to interchanges between indices such as / and g,i and j,... within the pairs 
“78, U,-- 


In view of these properties and Eq.(10), we arrive at the conclusion 
that the second rank tensors 7j,, £9,, p?,, 7, and Be; have only 6 independent 


bij? mn? 


0 0 o* 0* 
components. Among the fourth rank tensors, SE ae BA ie and My nis Ne 
36 independent components; the tensor Ol has 21, and 9 wae) and va 


have 15. Of the sixth rank tensors, one has 126 independent components, 
1 Cae Ee Peoipeis: Krcinatj and eee have 90, and Dinars and OF rpute have 28. 
Of the tensors of rank eight, Neeson os has 315 independent components, and 
L°mparsi) has 168. The tensors C{jij, Prnigij ANA Noinpgjgi; Have more independent 
components than the corresponding ones without asterisks, since according to 
(10) these tensors are not invariant under interchange of the pairs fg and 
ij, Nevertheless, the subsidiary conditions of Eq. (10) are satisfied by 
these tensors. 

The number of independent components of the tensor constants is also 
determined by the symmetry of the magnetostrictive medium. It can be shown 
from symmetry considerations, for example, that in the case of a medium 
characterized by cubic symmetry (cubic medium) and in that of an isotropic 
medium the respective numbers of independent tensor constant component will 
be the following: 

Number of independent components 


Rank Tensor constant Cubic medium Isotropic medium 
Second All 1 1 
Fourth Qrnii, Mnnig & Creis 3 : 

2 Cea Prmpa Vinnpa 2 
4 
Sixth ey, 9 : 
W A® ‘ K® eS 6 
" mnpqij & MnNpQij 3 1 
@° at ae be 
mnpars mnpqrs 
6 
Eighth Ninnpatgii a 
1 


0 
Lamparsti 
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2. We shall now find the equations of state for a polarized magnetostric- 
tive medium starting from Eqs. (6)-(8) for a nonpolarized medium. We shall 
consider this medium in the demagnetized state to be magnetically and elastic- 
ally isotropic. 

Let us consider J, to consist of two terms: a constant term /, (the polar- 
ization magnetization) , assumed to be oriented along the z axis, and a variable 
term J,, We shall assume further that Jqa<Jo , and that J, is of the same 
order of smallness as «,; and AT. We shall make use of the fact that the com- 
ponents of the tensor constants are related as a result of the symmetry of 
the initial magnetically and elastically isotropic medium and of the relation- 
ships of Eqs.(10). In order to avoid considering anisotropy due to initial 
stresses, we shall assume these to be zero. 

We drop the prime on es and after appropriate mathematical operations 
obtain the following equations of state for a polarized magnetostrictive 
medium; 

34 — af =Cij |; + Rmidin + Bi AT, 
Ay, 5 el = ha ie ae ign! Ts Ps, AT, (12) 


AQ—AQ= — TBle,—Tp: J, + oC AT, 


where i,j = 1, ..., 6, and m,n =i, 2, 3. 

The tensor constants in (12) can be expressed in terms of power series in 
the magnetization polarization. By comparing these series with each other, 
one can establish the following relations between the nonzero components of 
the tensor constants. 

The tensor of the isothermal value of the reciprocal of the susceptibility 
measured at constant strain, which determines the magnetic properties of the 
magnetostrictive medium, is defined by the relations 


Pa Ee 
0 ee oa (a7,.)_.” ) 
1 1 
art a a tiJo+ oy, Oo, (14) 
{ il 
Ta = tg = 17 +g tno + gp Pio. (15) 


The magnetic polarization field strength satisfies the relation 
0 1 1 \ 
A = (tT +5 hdd + aay wre) Jo. (16) 


The isothermal magnetostriction tensor constants, which determine the magneto- 
mechanical properties, satisfy the relations 


Tr (2% T OH», 
Reni sae (i ihe Rimi = an (17) 


m 


aT * 1 x 1 * 
hes res dot re Io+ ali Jos 


(18) 
2 * * fl * yal * 
het = gn = Qiao + EADS + T_lT IE, | 
HH Uti 4 * * 1 * * * 
hag == hag = Iheg = his = 3 (Qt — Ota) Jo + 5g (AY — AN) JE + 4 he LOU, opi 


hig = hg Ty, ha, = he = hl + TT e (20) 
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The isothermal elastic modulus measured at constant magnetization, which deter- 
mines the mechanical properties, satisfies the relations 


Oc;' 
Cy = ( ie 
ds; ls (21) 
oP 1 * . 
GeO) Jat NG SS, | 
8 fae Q 1 * 72 4 »70* 

Ch = Co. =Citsh J+ 5M Jo; | 
JT BfAa ) 1 * 79 1 * ' (22) 

Cis = C3) =(3+5/ espa o} | 

qt ae ) 1 0% 1 * | 

Ce = Cis =Ca+yfJa+s,NaJo | 

JIT JT nige 4 \* * 72 1 * * 
C3 = C32 = Cis chase i 2) Jo+ g (Al — As) Jb, (23) 
1 

Cos = a (Ci — Ciz), Oe 

di E ly Paae T ai 1 
Ch =C3 =z (Ci + Ce — Cis — Ca) +5 Novo- (25) 

The stresses due to polarization in the compressed ferromagnet are 
Re te s0P iets nt AO? 1 7o* 

3 7 Ondo t+ 9 Ai Jo + a5 Lt Jo, | (26) 


2 ee eee 1 ,o* 1 4 * 
Oe oat oa 0 te a5 Lt J: 


The thermomagnetic constant measured at constant strain, which determines the 
thermomagnetic properties, satisfies the relations 


OH 
aE Ye Sp py biol 
Bg ira an 
E 4l 
Ps = po + |G E+ pag QI. (28) 


The specific heat measured at constant strain and constant magnetization, 
which determines the thermal properties, satisfies the relation 


E e Tafel 4 
Ch = 05-2 (F rol + yt): (29) 
The amount of heat liberated incident to polarization is 
1 2 4 4 1 076 
AQo= — T(z PIE + 7 NI0 + aH Qs) (30) 


The tensors of the temperature coefficient of mechanical stress, measured at 
constant magnetization, which determine the thermomechanical properties, 
satisfy the relations 
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* 0 4 0* 72 4 70* 74 
Bey = B9 + > myJo + Ad Jes 


* * 4 * 1 )* (32) 

By = he = Bo + > mJ + 57 Ks Li 

el = Py — 5%, BY = Ay = Gy — 5. (33) 
The constant coefficients 77,...,t,...,Qi,...,K; are some of the inde- 


pendent components of the tensors in Eqs. (6)-(8). They are considered to be 
independent of the polarization magnetization. They may, however, be functions 
of the deformation and the temperature. 

In expanding the expressions for the tensor constants as functions of 
the polarization magnetization, the number of terms maintained varies, depend- 
ing on the range of variation of /). 

Comparison of the series of (16), (14), and (15) shows, when one recalls 
the definition of the reciprocal of the susceptibility, that Eq.(16) can be 


written* - 


0 € —— We 
Eel) cae eee (34) 
0 


From the same considerations, as well as from (18) and (28), Eqs.(26) and (30) 
can be rewritten 


Jo 
38 =| CACHE, A oe \ hat (Js) dJs ea 
0 


(36) 


Bearing in mind the differential relations implied by (6)-(8) among the 


coefficients /njoi;, Ninnpaigii 294 Qrmnye, Amnpaig, and invoking Eqs.(18) and (19), 
we find that we can rewrite Eqs. (22)-(25) in the form 


Jo 
4) * 
CH = CG + a \ at Vo) ds. (37) 
0 


From the same considerations, we may use (28) and (16) or (18), (19) and (28) 
to rewrite (29) or (32) and (33) in the forms 


Jo J 
a Jmgragel iii d Aes mie T Giluty 
CM = C5 — ap \ v5 (Fs) Ts = C3 — > 5 \ Hy (Sa) ds, = 
0 0 
3 Jo Jo 
Jie D0 AT a) 
T= Bit ge | Al (Is) dls, Bi = BY + 5 | ps (Je) ds. (39) 


0 0 
It is interesting to note also, as is easily seen by comparing (15) and 


(14) or (18) and (19), that expressions (15) and (19) can be obtained formally 


from the relations 
Jo 


ec TT .* € 
tt = Ty) 1 Ua) do era} 


a a ee ae. Ft BB 
*The factor :7(J,) in (34) is that given by (14) with J, replacing J 
- 0° 
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Jo 
* 4 (° * * 
Ca rea [hs3 (J's) — hot (J3)] dJs. (19') 


0 


3. Let us now analyze the above relations. First, unlike the similar 
equations of state for piezoelectric or polarized electrostrictive media (see 
Refs.4-7, for example) the constants hjj; and h,; or 87! and g/ are not equal, 
according to (20) and (33). Physically this means that if the medium is not 
magnetostrictive, (if ha i) or if its coefficient of thermal expansion is 
zero (i.e., if BJ =0) deformation due to a change of the specific volume 
will cause a change in J, (but not in M,) or in the heat AQ per unit volume. 

Second, the present method can be used to establish relations between 
certain constants. These relations can be established (a) between the compo- 
nents of any tensor constant that may have been considered independent on 
the basis of symmetry considerations for a transversely isotropic medium (such 


as the polarized magnetostrictive medium under consideration) (see, for ex- 


ample, (14) and (15) or (18) and (19)), and (b) between the components of dif- 
ferent constants (see (37)-(39)). Finally, our method can be used to express 
the dependence of the tensor constants on the polarization magnetization. 

The constants 7" and 1:7 as well as hit, hs? and hit are in a sense de- 
pendent. To see this, let us assume that we have measured experimentally the 
dependence of 57 or he and hor on /,. Now we note that the expansions for 
or hs? , that is Eqs.(15) and (14) or (19) and (18), contain the same 
expansion coefficients as those for 3! or hot and hi! (they differ only by 
well defined numerical factors). Therefore the experimental observations 


can be used with (15) and (19) (or (15') and (19')) for a direct calculation 


of 73" and hi! and of their dependence on J). 


“Tt in the expression for the variation of the magnetostriction constant 


as a function of the polarization magnetization one can neglect quadratic and 


higher order terms, which is entirely allowable over some J, intervals in 


certain ferromagnets, the components h;],h,7 and h,; are much more simply re- 


_lated. As is seen from (19) and (18), 


* 


x 4 T +*T 
hog aa (hss — hs; )- (40) 
It should also be noted that, as Brown! pointed out, in a polarized medi- 
um the components Cz? and at of the elastic modulus tensor are not in general 


equal, so that Gs should have six independent components. The formulas we 


deduced can be used to evaluate this difference. As may be seen from (23) and 
(26), the difference between Ci,’ and Ci; is of the same order of magnitude as 
the difference between the stresses s; and sf that develop due to magneto- 


striction in a confined (i.e., kept to constant dimensions) ferromagnet when 
it is magnetized from 0 to/, . As regards order of magnitude these stresses 
are equal to or less than (jji. Thus 


(Coe Cs) PON. 


Recalling that i... ~ 10-5-10-6, we find that for all practical purposes 


Ci =Cys. Sor 


1 


“Thus the elastic modulus tensor has five independent components, although to 
terms quadratic in J,, as is seen from (25), the number of independent com- 


ponents is four. Equations (22)-(25) determine the anisotropy of the so-called 


AE and AG effects. 
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In magnetostrictive media in which the volumetric magnetostriction can be 
neglected as compared with linear magnetostriction, we may add to the first 
of Eqs.(12) the restriction that when AT = 0 and o,;— 0? =0, then cory So + ¢5 = 0. 
This restriction reduces the number of independent components of h,,; still 
further. We then have 


hg? = — has (Ci + Ch’ — 2Cig)/2 (Cas) — Cis’), (42) 


: Tae iio be, 
or in the approximation C/7~(C3; and Ci, =Cjs: 


1 ee ts (42') 


4. For the purpose of design calculation it is often convenient to use 
variables other than /,, ¢; and T as the independent thermodynamic variables. 
It is easy to transform to new variables by algebraic transformations and solve 
Eqs.(12) for the variables of interest. 

If <;, H, and T, for example, are chosen as the new variables, we obtain 


oHT HT “T *H 
o—o °° = Ci; ej bemillm + B AT, 


Jn Saar ia) ho enje3 =}. eens = ey ie (3) 
AQ= AO, (= — TB, e,— Tq, — 06 AT 
If c;, J, and T are chosen as the new variables, we obtain 
oo" = silo: — gapJn— ay AT, 
oT o ove 
ies — Wake = gid: “bE Gal + Pua; (44) 


AQ — AQ = — Talc; —Tp2J, + eC™AT. 
If o;, H,, and T are chosen as the new variables, we obtain 
e;——@} = Sj oO) —UmHm— ej AT, 
Je a ay tt an AT, (45) 
AQ SNO5 Slo eto eee. Age 


The tensor constants in Eqs. (43)-(45) can be written in terms of those 
of (13)-(33) and in terms of each other. The relations are obtained automati- 
cally in the process of algebraic transformation to the new variables. They 
are analogous to those presented elsewhere*~® for the corresponding constants 
in piezoelectrics and polarized ferroelectrics. 

If we now choose the entropy S, rather than T as one of the independent 
variables, we can readily find the relations between the isothermal and adia- 
batic values of the tensor constants. 

5. In conclusion it should be noted that the above results can be used 
for electrostrictive media such as barium titanate ceramic. This is done by 
performing substitutions H,—-E,,/,—Po and J, —>P, where EL, is the electric 


field she tie and P, is the electric polarization (electric moment per unit 
volume). 
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SOME NEW EXPERIMENTS WITH BITTER FIGURES 
- L.F.Bates 


Maze Patterns 


In this communication I wish to 
describe some new experiments on Bitter 
figures which have been made in Notting- 
ham during the last few years, and I 
should first like to deal with some quali- 
tative work on maze patterns. It is very 
strange that although the maze pattern was 
one of the earliest, if not the earliest 
pattern to be recorded, no quantitative 
or systematic work on the subject appears 
to have been done until 1955 when Chikazumi 
and Suzuki published their paper on maze 
patterns on silicon-iron. In their work 
Fig.1. Model to account for Chakazumi & Suzuki studied the changes in 
maze patterns. maze patterns as the strained surface lay- 

ers responsible for them were progressively 
removed by electrolytic 
polishing. 

They concluded from their 
experiments, particularly 
those in which strains were 
produced by scratches on the 
surface, that they could re- 
present a maze domain as a 
special kind of closure domain 
whose purpose is to carry the 
magnetic flux of the under- 
lying principal domains. The 
structure which Chikazumi & 

aw ar a Suzuki suggested in a figure 
Fig.2. Maze patterns on (100) surface of in their paper lends itself 


silicon-iron. ee to reproduction in the form 
——— of a simple model which we 


have made in cardboard, and 
of which a photograph is given 
in Fig.1. Let us now see how 
far this model accounts for 
some new patterns photographed ~ 
by P.F.Davis & P.M.Griffiths | 
in my laboratory. 
In Fig.2 are reproduced 
photographs of the maze pat- 
terns formed on a (100) sur- 
face of a single crystal of 
silicon-iron, which was light- 


ly electropolished following 
Fig.3. Maze patterns with lines probably the usual mechanical polish- 


due to free poles. ing to 0000 emery. Some 
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 Fig.4. Two types of maze pattern. 


deep scratches were deliber- 
ately made in the surface and 
these are indicated by arrows 
at the sides of the photo- 
graph; as usual, a weak mag- 
netic field was applied norm- 
al to the surface in order to 
bring out the pattern more 
clearly. The width of the 
maze domains is the smaller 
the nearer they are to the 
scratches, as recorded by 
Chikazumi & Suzuki, who also 
showed that the domain width 
should be inversely propor- 


os tional to the square root of 


the stress in the region in which the domain 


A is situated. Incidentally, the maze domains 
( 
4) 


are approximately parallel to the easy direc- 
tions of magnetization in the surface. 
Fig.5. New model for maze 
» patterns and line deposits. 


| But Fig.3, which is unfortunately rather 

dense, shows a feature not mentioned hitherto, 
| and which requires modification of the model 
in order to provide a satisfactory picture of 
the phenomenon. There are lines of free poles, 
manifested by dense lines of deposit, parallel 
to some of the zig-zag boundaries which run 
vertically in the figure. It is, of course, 
possible that alternate zig-zag boundaries are 
suppressed by the action of the small applied 
normal field, and it might be suggested that 
the vertical field causes the appearance of 
the lines of free poles, but 
in Fig.4 we have the two 
types of structure present 
in the one picture. Here, 
we have the normal type of 
pattern running horizontally 
across the photograph, while 
running vertically we have 
the dense lines of colloid 
between alternate zig-zag 
poundaries. A 90° wall, 
marked by an arrow, runs be- 
tween the two types of struc- 
ture to a corner of the 
specimen. 

Fig.5 shows a modifica- 
tion of the first model which 


it is thought might explain the formation of the new lines. We think that a 
ie kind of Lifshits structure ie formed in the specimen. The zig-zag closure 
structures are conditioned by the difference in strain energy between then 
and the underlying principal domains; as Lifshits showed, if this energy dif- 
ference is large, one would expect branching of the principal domains near 


the surface. 


an 


Fig.6. Spike domains attached to domains 
of reverse magnetization. 
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In Fig.4 there are many 
spike domains; some of them 
are ringed. At first these 
were thought to be ordinary 
Néel spike closure domains 
formed at inclusions, and 
this would of course have 
meant that the surface do- 
mains were magnetized longi- 
tudinally with respect to 
the zig-zag boundaries, which 
would be contrary to the 
Chikazumi and Suzuki model. 
However, Fig.6 (actually 
taken of a different speci- 
men), shows that these spikes 
5; = must be attacned to domains 
aig aes i = iwi == of reyerge magnetization 
Fig.7. Domains of reverse magnetization (Martin). like those described by 

Bates & Martin? and illustra- 
ted in Figs.7 & 8. In the latter 
picture a large domain of reverse 
magnetization spreads downwards over 
the surface as a magnetizing field 
is reduced. 


Lifshits Closure Structures 


It is well-known that Lifshits? 
predicted that a metal like cobalt, 
which possesses only two directions 
of easy magnetization, ought to ex- 
hibit the particularly striking 
kind of closure domain structure 
shown in Fig.8a. However, this 
structure has never been observed 
in its entirety in the case of co- 
balt, perhaps because the anisotropy 
is so great that the small triangu- 
lar domains are suppressed. For 
example, in Figs. 9a & b are repro- 
duced pictures taken by D.J.Craik & 
C.D.Mee, respectively, of the sur- 
face of a circular dise cut from a 
side of a cobalt crystal parallel to 
the crystalline axis. The single 
crystal specimen had been slightly 
damaged during its mounting, and 
there are a few small crystal grains 


Fig.8. a) Diagram of Lifshits closure near one of its edges. In Fig. 9a, 
domain. taken with a special phase contrast 
b) Bitter figures on Columax. technique, three such grains are 


visible, while in Fig. 9b a portion 


Sri Sia= 


Fig.9. Bitter figures on cobalt a) at grain boundaries (photographed 
by D.J.Craik), b) at damaged portion of surface (photographed by 
C.D.Mee). 


of the damaged surface is shown. In neither Fig.9a nor 9b do we see the small 
triangular closure domains predicted by Lifshits. But we do see them in all 
their beauty in Fig.8b obtained by P.F.Davis on the surface of a specimen of 
undeveloped Columax' (columnar alcomax or alnico V) which had been quenched in 
oil after an anneal at 940°C. Running across the picture is a boundary between 
two crystallites and close to the boundary are the large dagger shaped domains 
of reverse magnetization, while at the boundary itself are the small triangular 
closure domains magnetized perpendicularly to the main domains. Incidentally, 
one may sometimes obtain on Columnax crystallites the "fir tree" patterns - 
like those on silicon-iron - so well explained by Bozorth and his colleagues. ® 
Indeed, a crystallite adjoining that shown in Fig.8b had a (100) plane almost 
exactly in the surface of the specimen and gave a good "fir tree" pattern. 
There are two types of daggers in Figs.8a & b and it is possible to calcu- 
late the theoretical ratio of their lengths approximately. Unfortunately, it 
is very difficult to obtain photographs from which satisfactory measurements 
can be made, but from two moderately reliable measurements which Davis was 
able to make, we consider that the agreement between experiment and theory is 
reasonably good. 


Lozenge and Tadpole’ Domain Structures 


In a recent publication Paxton & Nilan# gave photographs of what they call 
"lozenge" patterns on a small grain in a thin dise of silicon-iron. They found 
that these patterns occurred on surfaces which were approximately (110) planes 
but which were inclined at an agle of between 4° and 7° to the f{oo1] direction. 
In Fig.10, taken by P.F.Davis, the edge of a single crystal of rectangular 
shape lies in the upper, dark region of the photograph. Due to the effects 


of electrolytic polishing the outer portions of the crystal surface were rounded, 
and near the edge, where the surface most deviates from a true crystal plane, 


are many lozenges which point toward the edge in the [oo] direction. The 


é crystal was magnetized in parallel strips, with the directions of magnetization 


either along the [ool] or along the [oo1] direction, and along the line between 
the arrows there runs a 180° boundary between two such strips. 
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Fig.11 was taken with 
another specimen which con- 
sisted of two crystals, one 
about three times as large 
as its fellow. The surface 
of the larger crystal was 
deliberately oriented to 
make an angle of 4° with 
respect to the [001] direc- 
tion, and the very large 
lozenge seen in the picture 
was situated in the middle 
of its surface. This pic- 
ture is typical of zero or 


Fig.10. Lozenge patterns on surface close to a low field conditions. When 
(110) plane of silicon-iron; arrows indicate a field was applied along 
180° wall (P.F.Davis). the [100] direction the 


lozenges changed in an ir- 
regular manner and the condi- 
tions shown in Fig.12 were 
reached when the crystal was 
nearly saturated. In this 
figure the lozenges seem to 
be arranged in bands approx- 
imately parallel to the 
[211] direction, and close 
inspection shows the pres- 
ence in a few isolated re- 
gions of the surface of an- 
other kind of pattern, 
termed a "tadpole" pattern 
by Bates & Hart”. 
bel 2 The appearance of the 
Ree uF surface near the junction of 
big, wm elites! vee GL. 4i3 the two crystal grains under 
ee Me ee ae 4 field conditions similar to 
those for Fig.12 is shown 
in Fig.13. In the latter 
figure, there are many "tad- 
pole” patterns running from 
the grain boundary, which is 
off the picture to the right, 
into the larger crystal. 
The axes of the "tadpole" 
patterns are inclined at 
about 35° with respect to 
Fig.12. Lozenge patterns and some "tadpole" the [001] direction - i.e., 
patterns on crystal magnetized nearly to the "tadpoles" set them- 
saturation in the [111] direction (P.F.Davis). selves along the [111] di- 


rection. A few lozenges 


SR 


can be seen on the left of the photograph. 

Paxton & Nilan observed that in the demagnetized state and in low fields 
the lozenges were arranged in rows parallel to the [110] direction. When 
they applied a small field in approximately the [001] direction, alternate 
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Fig.13. "Tadpole" patterns running from grain 


boundary between two crystals. 


Fig.14. Illustrating conditions for 
formation of lozenge patterns. 


Fig.15. Bands of lozenge patterns near 
edge of crystal. 


rows of lozenge patterns 
expanded at the expense of 
neighboring rows, yet no 
domain boundaries were seen 
between the rows of lozenges. 
This suggests that in low 
and zero fields the princi- 
pal domains form layers, 
magnetized alternately in 
the [001] and [001] direc- 
tion, so that their walls 
intersect the surface under 
observation in a series of 
lines such as BB' in Fig.14. 
As the walls make only a 
small angle with the surface 
under observation, BB' can- 
not be marked by a line of 
dense colloid, since the 
stray field above it would be very 
weak. The position of a typical 
lozenge is indicated in Fig.14 by 
the dotted outline L. 


Fig.15 illustrates an interest- 
ing and unexplained phenomenon which 
is observed near an edge of a crystal 
(right edge in photograph) under zero 
field conditions. The lozenges form 
bands whose breadth increases stead- 
ily as their distance from the edge 
increases. Incidentally, it is 
found that the lozenges point down- 
hill. 

P.F.Davis has suggested a model 
which would explain the formation 
of"tadpoles* This model is pictured 
in Fig.16; we see that the "tadpoles" 
can be formed by the intersection of 
a large Néel spike closure domain 
with the surface. If the intersection 
were devoid of any modification, a 
large surface magnetization would 
occur. This is prevented if a set 
of subsidiary spikes takes care of 
the flux. These must be wedge shaped 
with small gaps between neighbors; 
each gap would be a narrow band of 
free poles and, consequently, would 
attract deposit and form a "tadpole". 


The explanation is similar to that given by Bates & Mee® to account for the 


formation of the 
specimen of silicon-iron. 
as do the tadpoles’. 


beautiful lace patterns on the (110) 
The narrow bands lie parallel to the 


surface of a_Néel cut 
[111] direction 
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Bates & Hart® made a special study of 
the patterns found on polycrystalline surfaces 
to see to what extent they reproduced the pat- 
terns found on single crystal surfaces. They 
used grain-oriented silicon-iron because the 
planes of intersection of many of the grains 
in a sheet specimen with the sheet surface 
are close to a (110) plane. It is therefore 
not surprising that they found patterns which 
were virtually the normal "lace" patterns 
observed by Bates & Mee® on the (110) surface 
of a Néel cut specimen. It was in the course 
of this work that “tadpole” patterns were 


Fig.16. Model to illustrate first observed, and from the fact that these 
formation of ‘tadpole” patterns always appeared near to the edge of 
patterns. a crystal, it was concluded that they were a 


special type of closure structure masking a 
more simple elementary domain structure and that the “blobs” or heads of the 
“tadpoles'' were evidence of sharply localized stray fields. 


Echelon Structures 


If one takes a rectangular block specimen of pure iron or of silicon-iron 
with every face a (100) plane, and one cuts one end of the specimen so that 
the block terminates in a 
(111) surface, one finds on 
that surface in the demagnet- 
ized state a complicated 
Bitter pattern of remarkably 
fine texture (Fig.17) with 
a periodicity of about 
6°10-4 cm compared with 
about 10-1 cm for the princi- 
pal domains on the adjacent 
surfaces. We have already 
seen that Lifshits suggested 
that principal domains should 
subdivide near surfaces whose 
orientations are such that 
they do not contain a direc- 
tion of easy magnetization. 
In the course of experiments 
along these lines D.H.Martin 


OOlom 
attempted to correlate the 
Fig.17. Fine structure pattern on a (111) fine texture patterns on 
surface (D.H.Martin). (111) and more generally on 


(h0Ol1) surfaces with the 


principal domain patterns 
on adjacent (100) surfaces. In this way he discovered what he has termed 


echelon splitting of the principal domains. An example of this kind of pat- 
tern is shown in the photographs of Fig.18 with an explanatory diagram. It 
is clear that such a structure avoids the formation of free poles, but it 
must have associated with it, of course, considerable magnetostriction energy. 


-~ 1141 - 


{ The photographs of 
Fig.18 were obtained by 
A.Hart on a disc cut from 
a single crystal of 3% 
Silicon-iron. Its main 
face was of a (100) orien- 
tation and its edges were 
therefore of the (h01) 
type. The upper and lower 
photographs pertain to 
portions of the disc face 
where the edges are approx- 
imately (010) and (001), 
respectively. “Fir tree" 
patterns due to rounding 
of the upper surface during 
polishing are visible on 
that surface, but the 
echelon features are never- 
theless well defined. The 
echelons comprise two types 
of domains, magnetized 
parallel and transverse, 
respectively, to the mag- 
netization of the princi- 
pal domains. 

As the disc was thin, 
it was impossible to ob- 
serve patterns on its 
edge faces directly, but 
from an examination of 


_ 80cm 


Fig.18. Echelon patterns (A.Hart) and explana- patterns of the main face, 
tory diagram (D.H.Martin). Upper photograph - it was possible to form 

disc face near approximate (010) edge; lower conclusions about those 
photograph - disc face near approximate (001) on the edge-faces, and 

edge. some support was found 


for a modification of the pattern predicted 
by Néel for the (110) face of a Néel cut 
specimen along lines suggested by Lawton’. 

In the light of this work, Martin has 
suggested the domain structure shown in Fig. 
19 for the case in which the upper face of 
the specimen of pure iron is a (100) surface, 
while the sloping surface is a (111) plane. 
We see that we now have no less than three 
different domain widths to consider - D, d and 
a. Using the accepted values of anisotropy 
energy and Bloch wall energy for iron, Martin 
has calculated on the basis of this model the 
ad optimum domain size D and its dependence on 
| Fig.19. Theoretical aspects the size of the crystal. It is not possible 
of the echelon structure. here to give Martin's calculations in detail, 
: but it is very interesting to note that he 


- 1142 - 


finds that the optimum domain width for a block specimen of rectangular cross 
section with (111) planes at both ends is nearly the same as oe for a sini- 
lar specimen with (010) faces at both ends. Thus far sonty 180" boundaries 
have been considered in the echelon treatment, but 90 boundaries are often 
found in demagnetized specimens. Martin has taken account of 90 bounds tee 
and finds in the case of a specimen with (111) ends that if all 180° boundar- 
ies were replaced by 90° boundaries, the energy densities would differ only 
slightly - a truly remarkable result. These features clearly have much bear- 
ing on the optimum domain size, and therefore on magnetization processes, in 
polycrystalline iron. Clearly, the echelon structure deserves more experi- 
mental and theoretical investigation than it has so far been possible to give 


it. 


Electron Microscope Studies 


D.J.Craik (Boots Experimental Research Laboratories, Nottingham) in 
association with my laboratory has recently developed a new technique for 
the examination of Bitter figures, with the object of observing very much 
more detailed patterns and so eventually of examining the domain wall itself. 
For these purposes he prepared a kind of thin film replica of a pattern which 
could be dried without distortion and removed from the metal surface for ex- 
amination either with a high power transmission microscope or with an electron 
microscope. 

He first prepared colloidal magnetite by the Elmore recipe, peptising 
the deposit sufficiently for it to pass through a fine filter paper. To the 
filtered solution was added 0.1% of a commercial methyl ether of cellulose 
known by the trade name of "Celacol" and any free acid was then removed by 
repeated dialysis with distilled water. The "“Celacol’’ protected the magnetite 
particles and maintained them in a highly dispersed state in the weak solution. 
A drop of the solution, on drying, formed an amorphous film sufficiently tough 
to be manipulated and exposed to an electron beam, even if it was only a few 
hundred Angstroms thick. In contrast with the colloid solutions hitherto used 
in Bitter figure work the new material was almost colorless, having only a 
faint amber tint. 

The new colloid was first tried on the surface of a single crystal of 
cobalt, but it was found that the dry film was hard to remove and the following 
procedure was therefore adopted. A thin film of Formvar resin some 200 Ang- 
stroms thick was prepared by dipping a glass slide into a 0.1% solution of 
Formvar in ethylene dichloride and allowing the film to dry in a vertical po- 
sition. By simple manipulation in water the film was floated off one end of 
the glass and allowed to settle on the cobalt surface. (When a silicon-iron 
surface was used, rusting was prevented by first coating the surface with a 
thin layer of quartz deposited by vacuum evaporation.) A measured quantity 
of the finely dispersed colloid was then placed on the film-covered surface. 
For examination by electron microscopy the quantity of colloid used should 
be sufficient to give a film some 500 Angstroms thick. 

When the colloid was dry a few drops of a thick solution of collodion in 
amyl acetate were applied and allowed to dry; then with care the whole could 
be detached without damage or distortion. The great advantage of this tech- 
nique is that one has a permanent film which can be examined at leisure. For 
electron microscope examination, chosen portions of the film were placed col- 
lodion side downwards on the standard copper grids, resting on curved strips 
of stainless steel mesh, below which amyl acetate could be introduced and so 
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the collodion removed without distorting the film. 


A full account of the work has been published in the Proceedings of the 
Physical Society. One of Craik's pictures, an electron microscope photograph 
of a domain wall intersected by a scratch on a cobalt crystal (magnification - 
about 25,000 X), is reproduced in Fig.20. We deduce from direct measurements 


peas weakest possible colloid that the wall thickness is of the order of 
: cn. 
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Fig.20. A 180° domain wall on a cobalt crystal intersected by a 
scratch (D.J.Craik). The break in the wall deposit is character- 
istic and has been observed very frequently. 


Domain Structure and the Magnetization Curve 


Akulov® was one of the first to use the simple concepts of reversible 
wall movement and the rotation of magnetization vectors in order to obtain 
theoretical magnetization (I vs H) curves for single crystals along chosen 
_ directions of symmetry. He considered the energy of the crystal to be the 
sum of its magnetocrystalline anisotropy energy and its energy in the applied 
field, and minimized the sum of these two energies to calculate the I = (H) 
curve. His work was later extended by Née1? and Lawton & Stewartl° who showed 
independently that the energy of the crystal in its own demagnetizing field 
had to be taken into account. In this way a more adequate explanation could 
be given for example, of the shape of the experimental I = f GD curve for a 
single crystal of iron in the shape of an oblate spheroid. 

‘> We have, therefore, a theory which can be applied to a suitable specimen 
_ with any arbitrary direction of the crystal axes and of the applied field, 
put the main difficulty in the way of its application is that of calculating 
the demagnetization effects exactly. Because of the initial assumptions of 
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reversible wall movement and reversible domain vector rotations, the theo- 
retical calculations always give a curve with infinite initial susceptibility, 
with kinks in regions where the mode of magnetization changes (e.g., three 
phase to two phase) and zero hysteresis. Nevertheless, agreement between 

the experimental and theoretical curves is reasonably good except in low 

field regions of, say, 0 to 30-40 oersteds. 

Fortunately, some of the discrepancies between experiment and theory can 
be removed by making use of information gained from an experimental study of 
wall movements and surface domain structures. Some remarkably illuminating 
pictures of the passage of 90° and 180° domain walls across inclusions or 
imperfections in the surface of a silicon-iron crystal have been obtained by 
D.H.Martin. These pictures make it abundantly clear that only under very ex- 
ceptional circumstances in ordinary, even well-annealed and carefully pre- 
pared materials, will unimpeded domain wall movements occur freely and revers- 
ibly under the action of an applied field. 

A type of specimen which has provided much useful information about ro- 
tation processes, as well as about domain theory in general, is that known as 
the Néel cut iron or silicon-iron crystal (Fig.21). The long axis of the 
specimen is a {110} direction and its main upper and side faces are (100) and 
(110) planes, respectively. Néel postulated that when a very small effective 
field, in the limit tending to zero, acts upon the specimen along the {f110] 
direction, the domain configuration is that of Fig.2la, in which the leaf-like 
principal domains are alternately magnetized parallel to the |010] and [001] 
directions, while on the (110) faces there exist simple closure domain systems 
of q-domains. When a finite effective field acts on the specimen, the princi- 
pal domain vectors are forced to make an angle @, which is less than the origi- 
nal 45° of Fig.2la with respect to the 
[110] direction, and a new set of 
closure domains, p-domains, are formed 
as shown in Fig.2lb. 

Neel was able to calculate the 
periodicity d of the main domain system 
as a function of the effective field, 
the width L of the specimen's upper 
surface, and the appropriate anisotropy 
constants. Many experiments (Bates & 
Hart®, Bates & Mee®, Bozorth et alll 
and Bates & Nealel2) have shown that 
Néel's views are essentially correct, 
although there is some numerical dis- 
crepancy between the calculated and ob- 
served periodicities. Moreover, the 


Fig.21. Illustrating the Néel cut theoretical closure structure of Fig.21b 
iron crystal: a) in zero field, is too simple, as reference to the above 
b) in small finite field. papers will prove. We undoubtedly get 


line patterns by the Bitter technique 
which enable us to measure the periodicity on the (100) face, but on the (110) 


face are found complicated "lace" patterns of the same periodicity which must 
be due to surface magnetization of some kind. Direct measurements by Bates 

& Mee of the angle between a principal domain magnetization vector and the 
[110] direction of different values of the effective field proved that the 
concept of rotation of the magnetization vectors used in the calculations was 
essentially correct, at any rate for a Néel cut specimen. 
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ee The Néel postulation of the detailed 
200 domain structure is thus a substantial 
advance on earlier ideas, for it has led 
to a great improvement in our understand- 
ing of the detailed form of the magnetiza- 
tion curve. First, we have the work of 
Lee (1953) who suggested that the well- 
known lack of agreement between the experi- 
mental and theoretical magnetization curves 
could be due in the case of a Néel cut 
specimen to the neglect of the closure do- 
main structures of Fig.21lb. The closure 
domains are not magnetized parallel to the 
principal domains, and by taking account 


1 2 3 4 J 6 7 of their volumes and directions of magnet- 

2 H, oersted ization, Lee obtained the modified magnet- 

Fig.22. Calculated I vs H curves: ization curve of Fig.22 which lies consid- 
a) Akulov, b) Lee. Experimental erably below the curve calculated on the 
points by H.J.Williams. theory of Akulov and of Lawton & Stewart. 


The new curve, which 
does not exhibit a 
sharp kink at H = 0, 
agrees more closely 
with the experimental 
curves, especially in 
the low field region 

up to about 40 oersteds. 
Another result of Lee's 
calculations was the 
prediction that the 

ark 2 magnetization curve of 
the specimen would de- 
pend on the specimen 
depth L. The thinner 
the specimen, the 
greater the volumes of 
the closure domains 


Lvl 
We 


0 B 0 7 0 i relative to those of 
H, oersted the principal domains 
Fig.23. Theoretical magnetization curves for dif- and the more pronounced 
ferent specimen depths L: 1) L=o, 2) L = 0.6 cn, the depression below 
3) L= 0.1 cm, 4) L = 0.06 cn. the Akulov curve. Thus 


Lee's results led to 
the theoretical magnetization curves such as those in Fig.23. 

Now, this predicted change of shape of the magnetization curve with 
specimen depth has, as far as is known, never been recorded, possibly because 
the expected change is small except in very low fields, and possibly because 
measurements of single crystal magnetization curves are rather rare and by no 
means systematic. Consequently, observations were recently madel3 of the 
domain structure of a 3.8% Si silicon-iron Neel cut specimen having an overall 
length 1.25 cm in the [110] direction, a (110) surface 0.58 cm wide and a 
depth of the (100) surface of 0.1llcn. Throughout these experiments the length 
and width of the crystal were maintained unchanged, but the depth L was from 
time to time reduced by mechanical abrasion followed by electrolytic polishing, 
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so that the influence of the crystal 

depth on the domain patterns and their 
periodicity, and hence on the magnetiza-— 
tion curve, might be found. For depths 

L between 0.11 cm and 0.06 cm the general 
results were in good agreement with earli- 
er work done at Nottingham. As can be 
seen from Fig.25 by comparison of the 
upper curve with the broken (Néel theory) 


0 = mi curve, the experimental values of d are 
Hopp oersted always greater than the theoretical ones; 
Fig.24. Difference between the moreover, there is no minimum in the ex- 
Akulov magnetization curve (repre- perimental d = f @® curve. 
sented by the x-axis) and 1) the The first significant result of these 
magnetization curve for L = 0.072 measurements is that when the experimental 
cm calculated from theoretical values of d for different specimen depths 
domain sizes, 2) the magnetiza- are fitted into the appropriate form of 
tion curve from experimentally Lee's calculations, the calculated varia- 
observed domain sizes and 3) the tion of the magnetization curve with speci- 
magnetization curve obtained by men depth is much less marked than before, 
direct measurement. and is, in fact, of an order which would 
probably remain undetected by 
aft present experimental methods. At 


the same time, for a specimen of 
depth L = 0.1 cm, the magnitude 
of the deviation from the Akulov 
curve based on the experimental 
values of domain size is about 
twice that based on theoretical 
domain sizes. The curves of Fig. 
24 show the difference (AI/Ig,) 
between the Akulov curve for L = 
= @ and (1) the magnetization 
curve for L = 0.072 cm calculated 
using theoretical domain sizes, 
Fig.25. Hysteresis of the domain spacings (2) the magnetization curve cal- 


00 200 300 H pe, oersted 


on a Néel cut surface. The specimen culated using the experimentally 
depth is 0.072 cm. Dash-line - theo- observed domain sizes, and (3) 
retical curve calculated by Néel; experi- the magnetization curve measured 
mental points: O - H increasing, @- H directly with the same crystal. 
decreasing, X - H decreasing from 500 It is instructive to plot curves, 
oersteds. that might be compared with Fig. 


23, showing how the variation of 
observed domain size with specimen depth modifies the magnetization curves 
originally calculated by Lee. 

The measurements of domain size also provided new information concerning 
hysteresis phenomena in the region from technical saturation down to the zero 
field region. This may be seen by reference to Fig.25. The experimental 
values of the periodicity d shown on the continuous curve were obtained from 
photographs of the line patterns on the (110) surface, taken after the chosen 
effective field had been reversed twenty times to ensure that the specimen 
was in an equilibrium state. The dash-line represents the theoretical curve 
obtained on the basis of Néel's calculations for the stated specimen depth. 
The numerical discrepancy between the experimental and theoretical results is 


4 
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manifest and experiment does not give the minimum spacing predicted by Néel's 
theory. 

Now let us turn to the curve which was obtained in the following manner. 
The crystal was normally exposed to an effective field of 300 oersteds, the 
highest field which could safely be used without destroying the domain pat- 
terns. The field was then reduced slowly, and it transpired that the domain 
pattern or periodicity remained unchanged over wide field variations. Oc- 
casionally, however, sudden changes of periodicity occurred, and these are 
indicated by the crosses at the appropriate field values at which they were 
recorded. An excellent example is provided by the curve EF which was obtained 
by exposing the specimen to an effective field of over 500 oersteds, when it 
was technically saturated and no Bitter figures would be formed, and then re- 
ducing the field to 300 oersteds when Bitter figures could again be seen. 
Sudden changes in the periodicity took place as the field was reduced from 
300 oersteds to low values. 

The work therefore shows that there can often be two equilibrium values 
of domain sizes at the same field value, corresponding to two different vol- 
umes of the closure domains. Thus, although the rotation of the magnetization 
vectors in the principal domains may be reversible, the different volumes of 
the closure domains show hysteresis. The magnitude of this hysteresis may be 
calculated by a modified analysis, and Hart found for a specimen of depth 
0.07 cm that the subsidiary hysteresis loop in a field range from 10 to 200 
oersteds encloses an area corresponding to a loss of the order of 1200 ergs 
per cc per cycle for a maximum induction of 18,000 gauss. As the total loss 
measured along the (110] direction for a complete hysteresis loop with maxi- 
mum fields of 200 oersteds is about 4500 ergs per cc per cycle, we see that 
hysteresis losses associated with closure domains may be very important. 

It follows that for the special case of a Néel cut specimen we have shown 
that a virgin magnetization curve without sharp kinks and with a finite value 
for the initial susceptibility is theoretically predicted. It is obviously 
desirable to determine detailed domain structures for specimens of other 
shapes and to apply the above treatment to then. 


Concluding Remarks 


It is really unnecessary to emphasize further the importance of the Bitter 
figure technique in the elucidation of magnetization processes. In this com- 
munication I had hoped to deal also with its further application to high co- 
ercivity alloys, but the communication is already lengthy. We have already 
obtained domain patterns on materials with coercivities as high as 100 oer- 
steds, and when we manage to get larger crystals cut from columnar alcomax 
we hope to make more fundamental experiments with them. I should like again 
to record my thanks to my research students whose photographs have been re- 
produced here, to the Department of Scientific and Industrial Research, the 


Electrical and Allied Industries Research Association and to all who by the 


provision of grants and materials have assisted us in this work. I also 
thank the Physical Society for permission to reproduce illustrations from 
the Proceedings of the Physical Society. 


Nottingham University, 
_ England 
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ON THE ROLE OF CLOSURE DOMAINS IN TECHNICAL MAGNETIZATION PROCESSES 
- Ia.S.Shur, V.R.Abel's & V.A. Zaikova 


Experimental investigations of the magnetic structure of ferromagnets by 
means of magnetic powder patterns (Bitter figures) have shown that there exist 
several types of magnetic regions or domains, namely, principal domains that 
may extend in the case of relatively thin crystals through the entire thick- 
ness of the ferromagnet, closure domains, located either at the edge of the 
specimen or distributed over its surface, that "close'’ the flux path to the 
principal domains, and subdomains which are a special form of closure domains 
forming near different types of defects where the homogeneity of the magnet- 
ization is disturbed.1,2 

In the present report we shall consider questions connected with the be- 
havior of closure domains and their role in technical magnetization. The ex- 
istence of closure domains was first predicted theoretically by Landau & 
Lifshits3; subsequently, they were observed in a number of experimental 


- studies. 


We investigated the closure domains by means of powder patterns on silicon- 
iron crystals (4% Si). As regards preparation of the magnetic suspension, 
treatment of the sample surfaces and observation of the patterns we followed 
the procedure described earlier in Ref.1l. 


1. Shape of the closure domains and its relation to the natural 
crystallographic anisotropy 


We investigated the shape of the closure domains in crystals with differ- 
ent crystallographic orientations of the surface. The observations were car- 
ried out on specimens in the demagnetized state. It was established that if 
the surface of the specimen is rigorously parallel to one of the directions 
of easy magnetization (i.e., if the tetragonal axis is parallel to the plane 
of the specimen) no closure domains appear on the surface proper; they are ob- 
served only at the ends of the principal domains (at the edge of the crystal 
or specimen) .1 Thus for example, closure domains in the form of triangles are 
observed at the boundaries of a specimen whose surface is close to a (001) 
plane. A photograph of the patterns on the surface of such a crystal is re- 
produced in Fig.1 (the arrows indicate the magnetization cirections in the do- 
mains). It may be noted that such a magnetic structure was first predicted 
by Landau & Lifshits?. 


Fig.1. Triangular closure domains Fig.2. Drop closure domains. 
at the edges of a silicon iron Magnification 300 X; -— [100] 
crystal (4% Si). Magnification 

300 X; <— [100] 
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If the surface of the specimen is not parallel to one of the directions 
of easy magnetization, closure domains generally appear on its surface. Let 
us examine the forms of closure domains observed by means of powder patterns 
on the surface of crystals having different crystallographic orientations. 
Thus in the case of a specimen whose surface is close to the (011) plane, 
oriented so that the nearest direction of easy magnetization - the [100] di- 
rection - forms a small angle with the surface of the specimen, there are ob- 
served, in addition to the principal domains, closure domains in the shape of 
"drops" (Fig.2). The magnetization in the drops is oriented antiparallel to 
the magnetization in the principal domains. 
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Fig.3. Fir tree closure domains. Fig.4. Trunk closure domains. 
Magnification 300 X; <-> [100] Magnification 300 X; <— [100] 


Fig.5. Comb closure domains. 
Magnification 300 x; | [100] form of complex drops. Magni- 
fication 300 X; —— [100] 


Closure domains exhibiting the fir tree pattern have been studied in 
detail by Williams, Bozorth & Shokley*. The fir tree pattern is observed 
on crystals whose surface is slightly inclined to the (001) plane and having 
one of the tetragonal axes parallel to the plane and the other at a small 
angle to it. A photograph of the pattern on a surface of such a crystal is 
shown in Fig.3. If the surface of the specimen is close to a (001) plane 
and both the tetragonal axes closest to this plane are inclined at small 
angles to this plane, the domains appear in the shape of "trunks" (Fig.4). 
Often in such cases, in addition to the "trunks", the fir tree pattern also 
appears. 

With further deviation of one of the tetragonal axes from the surface of 
the specimen slightly inclined to the (001) plane there are observed closure 
domains in the form of "combs" (Fig.5). At large angles between the tetra- 
gonal axes on the surface of the specimen there appear closure domains of 


col 


surface 
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complicated shape, specifically there may be observed domains in the form of 
complex "drops" (Fig.6). 
It follows from these observations that closure domains appear on the 

of the specimen when none of the directions of easy magnetization co- 
incides with the surface of the specimen. The shape of the closure domains 
depends on the crystallographic orientation of the specimen surface. In view 
of this dependence, we have the possibility (within certain limits) of deter- 
mining the crystallographic orientation of crystals from the appearance of 
the powder patterns. 

The reason for the appearance of the closure domains is the following. 

In crystals of silicon-iron, which has a large anisotropy constant, the mag- 
netization vectors of the domains are oriented in the directions of easy mag- 
netization. If these easy magnetization directions are inclined at some angle 
to the surface of the specimen, there develop over the entire surface of the 
crystal magnetic "charges' whose energy is reduced by the appearance of the 


_closure domains.» 


2. Variation of the closure domain shape with thickness of the specimen 


As we go from thicker to thinner specimen the shape of the closure domains 
changes. The observations carried out on the same specimen gradually reduced 
in thickness by electrolytic etching disclose that a marked change in the shape 
of the closure domains occurs as the thickness is reduced below 100 p. In the 
case of very thin specimens - under 5-10 uw - superficial closure domains disap- 


pear. The change observed in the magnetic structure as a specimen is reduced 


in thickness from 100 to 5 pu is shown in the photographs of Fig.7. As may be 
seen, in the initial state the specimen exhibits the complex drop pattern 
(Fig.7,a); with decreasing thickness the structure of the closure domains is 
gradually simplified (Fig.7, b & c). Finally at a thickness of 5 » the closure 
domains have virtually disappeared (Fig.7,d) and only principal domains with 
180° walls, similar to those shown in Fig.l are discernible on the surface. 
The change in the appearance of the closure domains occurs as though the 
angle Q between the tetragonal axis closest to the surface and the surface 
of the specimen gradually decreased. It may be assumed that in silicon-iron 
crystals, characterized by a large anisotropy constant, the depth of the 
closure domains is the greater, the larger Q- In thin specimens, however, 
this depth of the domains is limited by the thickness of the specimen itself, 
which leads to alteration of the domain shape and in the case of very thin 
specimens to vanishing of closure domains. In the process, apparently, there 
is no change in the direction of magnetization of the principal domains: the 


angle Q@, remains constant. In consequence of the fact that the magnetic 


“charges” on the surface of the specimen remain the same, the result of vanish- 
ing of the closure domains is an increase in the total energy of the erystal. 
Consequently, technical magnetization of thin specimens gi hes be more dif- 
ficult and experiment shows that this is in fact the case”, 


3. Effect of tension on the shape of the closure domains 


As already noted, the shape of the closure domains depends on the direc- 
tion of magnetization of the principal domain orientations. Hence if the 
orientation of the domain magnetization is altered by stressing the ferro- 
magnetic specimen, one may expect to observe a change in the shape of the 
closure domains. By way of illustration the sequence of powder patterns 
appearing on the surface of a gradually stretched crystal are shown in Fig.8. 
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Fig.7. Variation of the closure domain shape with reduction in 
thickness of the specimen: a) 100 yu, b) 20 p, c) 15 uw and d) 
5 uw. Magnification 300 X; <— [100] 


Fig.8. Change in the shape of 
the closure domains when the 
specimen is stressed in tension 

a) o= 0, b) c= 4 andc) o= 

= 20 kg/mm?. Magnification 300 x; 


<=> {100], Ch 


in the initial state (zero stress), we have the characteristic complex drop 
pattern. As the tensile load, applied in the direction parallel to that of 
magnetization,is increased, the magnetic structure is gradually simplified. 
At a stress of 4 kg/mm?, 180° walls appear between the domains (Fig.8,b). 
With increasing stress the closure domains gradually disappear. At a stress 
of 20 kg/mm? only the 180° walls between the principal domains are discern- 
ible (Fig.8,c). As the load is reduced the pattern sequence is reversed. 
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4, Alteration of the closure domain shape with increasing magnetic field 


The following sequence of changes in the magnetic structure was observed 
when a magnetic field of increasing intensity was applied to an initially de- 
magnetized crystal. In weak fields there occur primarily displacements of the 
walls between the principal domains; the closure domains change little in the 
process. Where there are closure domains in the path of a shifting wall, these 
disappear as the wall approaches. After completion of the displacement proces- 
-ses, which is evinced by disappearance of the walls between the principal do- 
mains, the closure domains persist. With further increase in the field intens- 
ity the closure domains decrease in size and finally disappear. These progress- 
ive changes are illustrated in Fig.9. Here the surface of the specimen in the 
initial demagnetized state exhibits the magnetic structure comprised of princi- 
pal domains separated by 180° walls and closure domains in the form of drops, 
i.e., the structure is similar to that shown in Fig.2. The increasingly strong 
field was applied in the direction of the domain magnetizations. At low induc- 
tions (B = 2800 and 7000 gauss), we observe gradual displacement of the princi- 
pal domain boundaries (Fig.9,a & b). At B = 11,000 gauss, the walls between 
the principal domains have disappeared but the closure domains are still present. 
At B = 15,800 gauss, there is a noticeable decrease in size of the closure do- 
mains. 


Fig.9. Alteration of the shape of the closure domains in an increasing 
magnetic field: c) B = 2800 gauss, b) 7000 gauss, c) 11,000 gauss and 
d) 15,800 gauss. Magnification E50 ex.) fe(s00ln A 


It will be evident that decrease in the size of the closure domains and 
their eventual disappearance occur in the region of high inductions where en 
tation processes obtain. It follows that we must reject the commonly ce 
concepts according to which in the magnetization of a ferromagnet only wa 

_ displacements occur in weak fields and rotation processes start only ates 
i; full completion of the displacements. Actually, displacement preesee 5 
sociated with changes in size of the ciosure domains, proceed simultaneously 


with rotation processes. 
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5. Alteration of the closure domains with decreasing field strength 
5. Alteration (ee 


As the applied field is reduced from the intensity producing ee 
magnetization, at some point closure domain reappear. It must be eaaphias ze 
that the closure domains reappear in weaker fields than those in which they 
vanish in the process of magnetization. Thus we have a hysteresis effect con- 
nected with the vanishing and reappearance of closure domains. This form of 
hysteresis is apparently one of the causes of the phenomenon of magnetic hystere- 
sis in strong fields recently discovered by Drozhzhina et al. 


Fig.10. Formation of closure do- 
mains, remagnetization nuclei and 
domains with reverse magnetization 
with decreasing magnetic field in- 
tensity: a) close to saturation, 

b & c) gradually decreasing field. 
Magnification 300 X; «— [100],—HA 


As the intensity of the applied field is further decreased, the closure 
domains increase in size. Some of them transform into principal domains with 
reverse magnetization. Consequently, such closure domains are nuclei of re- 
verse polarity magnetization. 

We established experimentally that such reverse magnetization nuclei forn, 
as a rule, from closure domains located at the edge or on the surface of crys- 
tals. Subdomains (closure domains forming near different defects) usually do 
not act as reverse magnetization nuclei. ? 

The appearance of closure domains on the surface of a specimen initially 
magnetized to saturation as the applied field is gradually reduced is shown in 
the photographs of Fig.10. The magnetic structure of the specimen closest to 
saturation is shown in Fig.10,a. As the field is reduced there form near the 
edge of the crystal (at the left in Fig.10,b) closure domains; these increase 


in size and some of them serve as nuclei for the eventually forming principal 
domains with reverse magnetization (Fig.10,c). 


6. Magnetic structure in the state of residual magnetization 
ee Ce peti cation 


The magnetic structure in the state of residual magnetization was studied 
on individual crystallites of ring-shaped specimens, magnetized to saturation 
before-hand by means of a circular magnetic field. This shape of the speci- 
mens did away with the demagnetizing influence of the ends of the specimen. 
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Our observations showed that in the state of residual magnetization the magnet- 
ic structure of the specimen consisted of principal domains, closure domains 
and in some cases of principal domains with reverse magnetization formed from 
reverse magnetization nuclei. In cases when none of the directions of easy 
magnetization are aligned with the surface of the specimen, closure domains 

of different shape are observed over the entire surface. The shape of the 
closure domains, as in the case of demagnetized specimens, is determined by 
the crystallographic orientation of the specimen surface. Factors influencing 
the formation of reverse magnetization domains are the crystallographic orien- 
tation of the specimen, its shape, the crystallographic orientation of the 
neighboring grains and the form of the boundary between neighboring crystal- 
lites. Because of the indicated features of the magnetic structure in the 
state of residual magnetization (i.e., because of the presence of closure do- 
IMains and domains with reverse magnetization), the actual value of the residual 
magnetization is always lower than the theoretical value. The latter is usual- 
-ly calculated on the assumption that in the residual state, the magnetization 
vectors of the domains are oriented in the directions of easy magnetization 
closest to the orientation of the applied field by means of which the specimen 
was magnetized to saturation. Thus in practice the value of the residual mag- 
netization will be the smaller, the greater the volume of the specimen occupied 
by closure domains and principal domains with reverse magnetization. 


Fig.11. Magnetic structure of a specimen: a) in the demagnetized 
state and b) in the state of residual magnetization. Magnifica- 
tion 300 X; | [100], t Hmax 


The observed alteration in the magnetic structure in going from the demag- 
netized state to the state of residual magnetization is shown in the photo- 
graphs of Fig.11. In the demagnetized state one can see on the surface of the 
crystal the principal domains separated by 180° walls (Fig.ll,a). After mag 
-netization of the specimen to saturation by a field Hmax and removal of this 
field, there appear on the surface of the specimen closure domains and domains 
with reverse magnetization that have grown from some of the closure domains 
(Fig.11,b). 

It will be evident from the cited data that closure domains play a de- 
cisive role in the formation of the magnetic structure and the course of tech- 
nical magnetization processes in silicon-iron crystals. It may be assumed 
that closure domains play an analogous role in other "soft" magnetic materials, 
particularly in those allied to silicon-iron as regards crystal structure. 

It should be noted that closure domains may also exist in high SENN 
ferromagnetic materials. Thus, it has been shown by means of powder patterns 
that in Mn-Bi alloy individual small formations can consist of one principal 
domain and several closure domains. The character of the technical magnetiza- 
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tion process in this alloy differs, depending on whether closure domains are 
or are not present. 


Conclusions 


It follows from analysis of the described experimental material that in 
establishing a correlation between the physical properties of ferromagnets in 
the region of technical magnetization and their magnetic structure, one must 
take into account not only the structure of the principal domains but also 
that of the closure domains. Hitherto in such correlation studies attention 
is focused primarily on the structure of the principal domains (the size of 
the principal domains, neighbors, etc.). In view of our results it is clear, 
however, that in many cases the closure domains can play a decisive role in 
determining the character and course of technical magnetization. Further com- 
prehensive and detailed investigation of the magnetic structure of ferromag- 
nets will undoubtedly lead to a deeper insight into the nature of their mag- 
netic properties. 
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Note: In connection with presentation of this report to the Conference 
motion pictures were shown illustrating the changes in the powder patterns 
observed under the influence of different factors. Among the various proces- 
ses photographed were the variation of the magnetic structure with the ap- 
plication and removal of a tensile load, the disappearance of the closure 
domains in a gradually increased magnetic field and their reappearance with 
induction of the field and the formation of magnetization nuclei and their 
growth into principal domains with reverse magnetization. A photographic 
record of the formation of reverse magnetization nuclei in the high coercivi- 


ty Mn-Bi alloy and the role played by these nuclei in magnetization processes 
was also shown. 
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DYNAMIC BEHAVIOR OF THE DOMAIN STRUCTURE IN SILICON-IRON CRYSTALS 
- L.V.Kirenskii, V.D.Dylgerov & M.K. Savchenko 


According to present day concepts the process of technical magnetization 
consists of two stages: 1) displacement of the interdomain walls and 2) rota- 
tion of the magnetizations. It is also known that the character of the magnet- 
ization process depends on the elastic stresses in the crystal. 

In this report we give the results of an investigation of the powder pat- 
terns during continuous variation of tensile stresses applied in different di- 
rections and during variation of the applied magnetic field. The work was 


carried out on silicon-iron single crystals cut with the observed surface paral- 


lel to the (110) planes. The influence of magnetic fields was investigated on 


specimens in the form of 13 mm diameter, 0.2 mm thick discs; the influence of 


elastic stresses was studied by observing 30 x 5 x 0.2 mm strips cut in differ- 


ent crystallographic directions. Prior to observation of the powder patterns 


all the specimens were annealed in vacuum and polished electrolytically. The 


alterations of the powder patterns were recorded on motion picture film. 
Effect of elastic stresses 
In the absence of stresses the initial structure of the domains in a (110) 


plane is characterized by unevenly spaced almost parallel and occasionally 
broken lines. The uneven spacing between the lines and the occasional breaks 


: in them are due to the presence of small residual stresses in the specimen and 
- inhomogeneities in its composition. The changes taking place in the powder 
_ patterns when the single crystal specimens are stretched in different crystai- 


” 


lographic directions differ. 

Stretching in the {100} direction. When the tensile stress is applied 
parallel to the [100] dire- 
tion the domains tend to be 
equalized in width through 
parallel displacement of the 
walls (Fig.1); this is due 
to adjustment and equaliza- 
tion of the stresses in the 
specimen. The equalization 

re ! in width may also occur by 
(a ce = «CO the growth of wedge-shaped 
Fig.1. Equalization of domains in width during domains, which with increas- 


stretching in the [100] direction: a) O stress, ing stress become wider and 


i 

, 

= 
4 


 p) o = 29 kg/mm*, Direction of tensile stress gradually traverse the crys- 


in Figs.1-4 is parallel to the horizontal edge tal (Fig.2). Fig.3,a shows 


of the pictures. the domain structure with 


o = 10 kg/mm, It will be 
seen that with further in- 
crease of the tensile stress 
to 15 kg/mm” (Fig.3,b), 
marked changes occur in the 
domain structure: some of 
the domains are divided 


a ; along the center line by 
a Fig.2. Growth of wedge shaped domains during new walls. This effect might 
stretching: a) 0 = 7 and b) 0 = 14 kg/mm. be called remagnetization of 


the domains under the influ- 


— 1L58=— 


Fig.3. Division of do- 
mains by formation of 
new walls: a) o = 10 
2. 
and b) o = 15 kg/mm“; 
the new boundaries 
formed within the do- 
mains A & B in the 
first picture are 
indicated by arrows 
in the second picture. 


ence of stresses. In every case an 
even number of new walls is formed. 
When the specimen is elongated in the 
{110] direction the initial straight 
boundaries between the domains break- 
up or "diffuse". The structure be- 
comes wedge-like. With further in- 
crease in stress the wedges become 
smaller and transform into a chaotic 
arrangement of line fragments. This 
is illustrated in Figs.4,a,b & c. As 
the stress is increased still further 
these fragments undergo a sort of 
ordering, forming a unique mosaic; 

a complex closed figure pattern (Fig. 
4,c). With further stretching the 
horizontal bands grow at the expense 
of the mosaic pattern; however, we 
have never observed them to occupy 
the entire surface of the specimen. 
For this to occur there would, ap- 
parently, have to be extremely high 
stresses far exceeding the elastic 
limit of the material. The develop- 
Fig.4. Alteration of the powder ment of a similar mosaic pattern in 
patterns during stretching in the a silicon-iron crystal stressed in 
[110] direction: a) o = 0.4, b) the [110] direction has been observed 
¢ = 8, c) 6 = 12 and d) o = 19 kg/mm’. by Dijxtria & Martius. 


Stretching in the [111] direction. In the case of extension in the [111] 
direction the alteration of the powder pattern is similar to that observed in 
stretching in the [100] direction, i.e., there occur parallel displacements 
of the walls and at a sufficiently high stress some of the domains are divided 
in half by the formation of new boundaries. We also observed cases, however, 
when instead of new walls forming, some of the walls initially present disap- 
peared. Such a case is illustrated in Fig.5. 

In some crystals we observed "splitting" of the domain walls (Fig.6); 
with increasing stress the separation between the "doublet" walls increased. 


A similar "splitting" of the walls was observed in some cases of stretching 
in the [100] direction. 
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Effect of an external magnetic field 


Specimens in the form of discs were stressed in the [100] direction until 
their magnetic structure became fully uniaxial. These magnetically uniaxial 
crystals were then used for investigating rotation processes. The rotation of 
the magnetization vector was detected from the saturation figures2 which are 
always perpendicular to the magnetization vector. 

In Fig.7 we reproduce some frames from the motion picture taken during 
the process of magnetization of a specimen in a field oriented at an angle to 
the direction of easy magnetization. It will be seen that magnetization is 
actually realized by displacement of the boundaries with subsequent rotation 
of the magnetization vector. 

The process of rotation is clearly brought out by the powder pattern as 
may be seen from the photographs in Fig.8 which are frames from a motion pic- 
ture taken during continuous rotation of the external saturation-value magnet- 
ic field. 


Krasnoiarsk State Pedagogical Institute 
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DOMAIN STRUCTURE OF FERROMAGNETS AT HIGH TEMPERATURES 
- J.Kaczer 


Introduction 


The appearance and disappearance of domain structure in ferromagnets in 
the vicinity of the Curie point and the variation of their domain structure 
as a function of temperature are of interest from both the theoretical and 
practical standpoints. One may expect changes in the domain structure to oc- 
cur, for example, as a result of phase transitions in the material. 

Investigation of the domain configuration as a function of the temperature 
is important from the practical standpoint also because some of the physical 
properties of ferromagnets that are significant in engineering application, 
such as the coercivity and the initial permeability, depend directly on the 


domain geometry and also because modern insulating materials make it feasible 


to extend the range of ambient temperatures in which such magnetic materials 
can be employed. 

Until now the temperature dependence of the domain structure of ferromag- 
nets has been studied only by a few investigators. Elschner! was the first 


' to observe the behavior of the domain structure at temperatures above room 


temperature, specifically, in the range from 20 to 95°, by the classical col- 
loidal suspension technique. Andri@ recently published two studies on the 
temperature dependence of the domain structure: in the first he investigated 
the variation of the domain structure of an Mn-Bi alloy in the temperature 
range from -170 to +20° by the Kerr effect procedure; in the second he in- 
vestigated cobalt in the range from room temperature to 380°. In the latter 
investigation Andra utilized an improved colloidal suspension technique (col- 
loidal suspension of magnetite in paraffin). 


Domain structure of magnetite 


Our study of the domain structure of magnetite was carried out on a 
natural crystal of Ural magnetite (Fe30 4) which was kindly put at our dispos- 
al by Dr.Korzhimskii of the National Museum in Prague. 

The crystal, which had the usual octahedral structure, was first polish- 
ed with No.400 abrasive paper on a (110) plane surface. Then it was polished 
to a light sheen by means of fine polishing powder on a glass plate. In the 
course of the preliminary experiments it was found that the domains are not 
prought out by this technique. Nevertheless we made an attempt to detect the 


domains by the permalloy probe procedure. 475 From the very start it proved 


feasible to determine the individual boundaries between the domains. Measure- 
ments of the angles between the boundaries and the crystal axes showed that 
within the limits of the experimental error these angles were equal to the 
theoretical values; in magnetite the directions of easy magnetization (the 
[111] directions) are defined by the angles 71° and 109°, 
Fig.1 is a mosaic made of 12 probe records covering the entire surface 
of the crystal, a microphotograph of which is reproduced in Fig.2. It will 
be evident from these photographs that the surface was not adequately polished. 
Despite additional very thorough polishing of the surface, powder patterns 


- were still not obtained, although the recording probe detected domains. We 


succeeded in observing the domain structure only after etching the crystal 
for several hours in boiling 30% sulfuric acid as recommended by Galt”. 
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Fig.2 

Fig.1. Mosaic composed of 12 probe Fig.2. Microphotograph of the 

records over the (110) surface of the (110) surface of the magnetite 
magnetite crystal pictured in Fig.2. crystal. Magnification 10 X. 


The montage of 3 probe records reproduced in Fig.3 clearly shows the 
domain structure of one section of the surface of the crystal, microphoto- 
graphs of which to different scales are shown in Figs.4 & 5. The boundaries 
of the sections shown in Figs.3 & 5 are outlined in Fig.4. 

The photograph of Fig.6 was obtained appreciably later by means of a 
powder pattern. A probe record was made of the same area of the crystal; 
this is shown in Fig.7, where one can readily discern the laminar domain 
structure. 

During the work with the magnetite crystal it was found that the laminar 
structure was not equally well developed over the entire surface. Since, 
moreover, at some points the crystal had a porous appearance (see Fig.2), we 
began to suspect that our specimen was not a true single crystal despite the 
fact that all the faces were fully developed. Hence we recorded transmission 
and back-reflection Laue diffraction patterns. These confirmed our suspicion 
that the specimen was not a single crystal; they showed that it was composed 
of at least two differently oriented crystallites having a pronounced mosaic 
structure. 

In later experiments a crystal in the form of a thin plate was fastened 
to a small heater mounted on the microscope stage. The probe technique was 
then used to record the domain structure at different temperatures in the 
range from room temperature to the Curie point, which for our crystal was 
about 550°C. These probe records are shown in Fig.8. In the "e' photograph 
of this series, which was obtained at 450° or almost 0.9 x the Curie tempera- 
ture on the absolute scale, the domains are still clearly discernible although 
their boundaries are somewhat diffused. It will be noted that the donain 
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Fig.6. Powder figures of the domain Fig.7. Record of the same area as shown 
structure of magnetite crystal. in Fig.6 but obtained by means of a 


permalloy probe. 


geometry changed very little with heating. In cooling the changes occur in 
reverse order, but the domain structure at the end of the experiment, i.e., 
after cooling to room temperature (Fig.8,f), is somewhat simpler than at the 
beginning. 

Fig.9 shows a probe record made at an indicated temperature of 545.2°. 
The domains have completely vanished, but it is interesting to note that part 
of the crystal is presumably above the Curie point, while part is below it. 
This effect is probably due to nonuniform temperature distribution in the 
crystal or to inhomogeneity of the crystal itself. 

In view of the fact that the Curie point of our crystal measured with a 
probe was 545 + 228 while the Curie point for magnetite is reported to be 
575°, we inferred that our crystal might not be pure magnetite. Chemical 
analysis of the specimen carried out in the Chemistry Department of our Insti- 
tute yielded the following results: 


Molar 
Oxide Percent proportion 
FeO 23. 97,2- 022 0.488 


The excess of ferric oxide (Fe903) may be the reason for the depression 
of the Curie point; unfortunately, there are no reliable data in the litera- 
ture? regarding the influence of an excess of ferric oxide on the magnetic 
properties of magnetite. We also do not know whether the excess Feo03 was 
present in the y (magnetite) or in the @ (hematite) modification. 


to room temperature. 


“of 


(probe record). 
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Domain structure of cobalt 


The domain structure of 
ferromagnets is strongly de- 
pendent on the anisotropy 
energy of the material. For 
a magnetically uniaxial crys- 
tal this energy is given by 
the formula: 


E, = K, sin? 6+ 
+ Ko sin* 9, (1) 


where f£, is the anisotropy 
energy, K) and Ky are the 
anisotropy constants and @ 

is the angle between the di- 
rection of easy magnetization 
(in cobalt this is the hexa- 
gonal axis) and the magnetiz- 
ation vector J. As Landau & 
Lifshits® showed the mean do- 
main width in a magnetically 
uniaxial crystal is given by 


Zl: 

d= (ys. (2) 
where d is the domain width, 
L characterizes the dimen- 
sions of the crystal, 7 is 
the wall energy and K is the 
anisotropy constant (in our 
case K = Kj + Ky). It will 
be evident from Eq.(2) that 
the domain width should in- 
crease with decrease of the 


Fig.8. Variation of the domain geometry of a anisotropy constant. 

magnetite single crystal with the temperature At room temperature 

(probe record): a) 20°, b) 210°, c) 328°, d) cobalt has a hexagonal struc- 
372°, e) 450° and f) 20° C, after cooling ture and a large ESN 


constant: K = 6°10© erg/cm 

The domain structure has the form of paral- 
lel laminae or needles arranged parallel to the 
hexagonal axis. If the hexagonal axis is orient- 
ed normal to the surface of the crystal, there 
are formed closure domains in which the magnet- 
ization is either parallel or perpendicular to 
the surface. In the latter case the direction 
of magnetization in the closure domains is op- 
posite to the direction of magnetization in the 
associated internal domains. As a result of in- 
complete closure of the domains, there develop 
strong stray fields on the surface. 
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With increasing temperature the aniso- 
tropy constants decrease, as shown in Fig.10, 
and as a result the width of the internal 
domains gradually increases. The wedge-shaped 
closure domains in which the direction of 
magnetization is parallel to the crystal sur- 
face grow, leading to a decrease in the in- 
tensity of the stray fields. 

Near 250° the sum of both anisotropy 
constants equals zero and the general aniso- 
tropy in the direction of the hexagonal axis 


a. ns 20. ap~««aaO also equals zero. In the temperature range 
£C from 250 to 400° cobalt is still hexagonal, 
Fig.10. Temperature dependences but the direction of easy magnetization is 
of the anisotropy constants no longer parallel to the hexagonal axis but 
(after Bozorth1}), lies in the plane normal to it. In this 
a ae ; ; ie Mee { plane, however, the mag- 
{ fy ' netic properties are 


isotropic and thus there 
is no preferred direc- 
tion of magnetization. 
No domain structure 
theory for crystals 
of this type has yet 
been evolved. 

In the vicinity 
of 400° cobalt under- 
goes a phase transform- 
ation and goes over in- 
to the cubic modifica- 
tion. The magnetic 
properties of cobalt 
have not yet been deter- 
mined in this tempera- 
ture range and hence it 
is difficult to say 


\"s Jie anything definite re- 


Fig.11l. Variation of garding the domain 
the domain structure structure in this 
of a cobalt crystal as temperature region. 
a function of the We carried out 
temperature (probe measurements on a 
record): a) Shae b) coarse-grained poly- 
2302 Scysavscetdy ago? crystalline specimen 
and e) 20° (after of cobalt in the tem- 
cooling to room tem- perature interval from 
perature). 20 to 420°. The re- 
sults are shown in 
1h Rae Bh 


Fig.1l,a shows the domain structure at 20° 
of a cobalt grain whose hexagonal axis is approximately perpendicular to the 
surface of the specimen. With increase of the temperature to 230° (Fig.11,b) 
the character of the domain structure changes little: many of the lines in’ 
this photograph coincide with those in the first; the star-like fine structure 


eee NOES 
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; of the domains, characteristic of cobalt, persist. In the record made at 275° 
' @Wig.1l,c) we see an entirely different domain structure: the initial domain 


structure has broken up and we have a random arrangement of lines more or less 
parallel to the boundaries. This change is probably connected with the change 
in sign of the anisotropy constant. Little further change is observed in the 
character of the domain structure up to 400°. 

The record obtained at 420° is shown in Fig.1ll,d. Here again we have an 
appreciable change in the domain structure. The roughly parallel boundaries 
observed at 275° have rotated and moved closer together. This change in the 
domain structure is probably associated with the phase transformation of co- 
balt occurring at about 400° in which the hexagonal modification goes over 
into the cubic. As the temperature is reduced the observed effects occur in 
reverse sequence, but the phase transformation from the cubic to the hexagonal 
modification occurs at a lower temperature. A photograph showing the final 


state of the specimen after return to room temperature is reproduced in Fig. 
ll,e. 


Discussion 


Results of our measurements show that the domain structure does not 
change with temperature as much as might be assumed from formula (2). Thus 
our observations indicate that the domain structure of magnetite virtually 
does not change as the temperature is increased from 20 to 100°, despite the 


probable decrease of the anisotropy constant. There are no experimental data 


on the values of the anisotropy constant of magnetite at temperatures above 
Boos hence qualitative comparisons for this material are impossible. The 
fact that the disintegration of the domain structure occurs at the Curie point 
is substantiated by the recent results of Wilkinson & Shull? who carried out 
neutron diffraction studies on artificial and natural magnetite single crys- 
tals. 

We also showed that for cobalt the configuration of the stray fields re- 
mains virtually unchanged at temperatures from 20 to 200°, despite the fact 
that the anisotropy constant changes by a factor of 6 in this temperature 
range. This change is so appreciable that it undoubtedly should affect the 
domain structure. Only when the temperature is increased from 200 to 250° 
does there occur a sudden change in the domain geometry. This effect can be 
explained if we examine the temperature dependence of the wall energy density. 
The energy is given by (see, for example, Kitte1l®); 


1 =2VKA, (3) 


where A is the exchange integral. Substituting the above value in (2), we 
obtain 


ier ae es 


Assuming that in the first approximation the exchange integral is inde- 
pendent of the temperature, we obtain that the mean domain width is inversely 
proportional to the fourth root of K. For cobalt we obtain the values listed 
in the accompanying table. 

In this table K, and do are the values of the anisotropy constant and 
the domain width at 0°C, respectively. Thus with a temperature increase from 
0 to 200° the domain width d should increase by about 60%. Actually, however, 
the exchange integral also decreases, so that the rate of change of d will be 


somewhat lower than indicated. 
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Table Further, it follows from our measurements on 
cobalt, which were carried up to 680°, that above 
400° the domain structure again changes noticeably. 


tC =. Above 400° the boundary lines become less sharp and 

| “ a pserved at 680° is 

0 4° 1 the character of the pattern o per a 

50 0,80 1,06 similar to that obtaining at 250°. This phenomenon 
100 0,60 1,44 cannot be explained only by a decrease of the magnet— 
oh eG ee ization J to the value of 1150, which is equal to 
250 0 co about 81% of the saturation magnetization at room 


temperaturell, Hence we assume that simultaneously 
with the decrease of the saturation magnetization 
there occurs a decrease of the anisotropy constant to a very low value. 

For a more accurate quantitative explanation of the temperature dependence 
of the domain structure it would be necessary to carry out measurements of the 
anisotropy constant both for cobalt and for magnetite in the energy interval 
in question. 

Czechoslovak Academy of Sciences 
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CONTRIBUTION TO THE THEORY OF COERCIVE FORCE IN THIN SHEETS 
(Abstract - Complete report in Czechosl. Jour. of Physics, 6, 4 (1956) 
- J.Kaczer 


The density of the magnetostatic energy of the surface charges appearing 
at the intersection of a ferromagnetic interdomain boundary layer (wall) with 
the surface of a single crystal has been calculated on the basis of the famili- 
ar model of the boundary layer between ferromagnetic domains. It is known 
that this energy is not small compared with the other energies (the potential 
and anisotropy energies) and must be taken into account in the case of thin 
sheets. Consequently, the energy density in sheets is higher than in an un- 
bounded crystal. It is shown that the thickness of the boundary layers between 
domains is a function of the thickness of the sheet. 

The expression obtained for the dependence of the coercive force on the 
thickness of the sheet is in good agreement with experiment in the case of 
single crystal sheets. For polycrystalline sheets, however, only qualitative 
agreement is obtained: the calculated values are smaller than the experimental 
ones. It is possible to obtain agreement in the case of polycrystalline sheets 
as well if one takes into account the constant magnetostatic surface energy, 
which should probably increase the charges on the surface of the sheet. The 


experimental value of the energy of these charges for polycrystalline silicon 
steel is about 4 erg/cm2, 
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_ DIRECT OBSERVATIONS OF THE DOMAINS IN A FERROMAGNET BY MEANS OF A SECONDARY 
EMISSION ELECTRON MICROSCOPE AND AN ELECTRON MIRROR 
- G.V.Spivak, N.G.Kanavina, I.S.Sbitnikova, 
I.N.Prilezhaeva, T.N.Dombrovskaia & V.K. Azovtsev 


Introduction 


Back in 1947 Germer! showed that an electron beam passing over the face 
of a cobalt single crystal interacts with the domain fields. By studying the 
patterns recorded on photographic plates he was able to evaluate the maximum 
field intensity. He did not, however, obtain a picture of the domains inas- 
much as a parallel or glancing beam is not suitable for this purpose. 

One might also note the interesting investigations of Martin & Lochenbruch” 
who in 1949 developed an original procedure for electron optical visualization 
of domain fields consisting of forming an electron image of the edge of a mag- 


-netized single crystal on a suitable screen. Simultaneously with the edge of 


the specimen a small grid was projected on the screen. Visualization of the 
field was realized through the distortion of the grid image by the magnetic 
field at the edge of the domains. This procedure, however, did not yield an 
image of the domains proper. A modification of this procedure was used by 
Soboleva? for measuring local fields at the edge of a specimen. 

In contrast to the above researches, we developed procedures which allow 
of obtaining a direct image on a screen of the domains of ferromagnets or the 
magnetization pattern on the surface of diverse specimens. The development 
is based on the idea that one can create electron-optical contrast and, conse- 
quently, actually see magnetic inhomogeneities (for example, ferromagnetic do- 
mains) if these inhomogeneities are magnetic “microlenses incorporated in a 
conducting plane surface. 

Interaction of a uniform electron beam with a conducting surface possess- 
ing a magnetic topography (magnetic microlenses) should result in density 
modulation, i.e., bunching, of the electron beam. This modulation beam can 
then be focused by means of another electrostatic or magnetic lens (a macro- 
lens) to form an image of either the conducting surface itself or of a plane 
close to it where the influence of the local magnetic field is strongest. 


Interaction of micro- and macrolenses 
ENE IA NE Ee lech cent Enea Seated eens 


The problem of obtaining the requisite contrast in the image of the micro- 
lenses and the problem of the useful magnification of this image required ana- 
lysis of the question of interaction of the micro- and macrolenses. Inasmuch 
as an enlarged image of the magnetic topography constituted by the microlenses 


4 can be obtained only by using an electron focusing macrolens, it will be ob- 


vious that not every combination of lenses will achieve the desired purpose. 

In addition to magnetic microlenses there may also exist electric micro- 
lenses (local electric fields on the conducting electrode); in fact at any 
given spot there may simultaneously be both a magnetic and an electric micro- 
lens. Further, both the magnetic and the electric microlenses may be either 
"weak" or "strong. Thus we may expect to encounter four basic types of micro- 
lenses. Similarly analysis shows that there may be six types of macrolenses. 
Macrolenses intended to form an image of the magnetic or electric topography 


on the screen may under certain circumstances suppress the effect of the micro- 


lenses; in this case no image of the microlenses will be formed. 
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Let us, by way of illustration, consider the case of an electric ai ae 
For it E, is the intensity of the accelerating tield (an accelerating field a 
necessary, for without it there would be no luminescence of the screen) , Es s 
the tangential component of the microlens field of electric origin and H, is 
the magnetic field of the macrolens forming the image on eae BREA 2c 

A rigorous solution of the problem of the electron trajectories based on 
the equations of motion in the vicinity of the flat surface under investigation 
leads to the following equations: 


Le m Ey eHt m ae eHt 
= —_— — cos 
aa Te e °F? See oF eH ( Yo Se 0 m os 0)? 


where x and y are the electron coordinates as determined by the tangential com- 
ponent LH, of the electric field of the microlens and the field HH, of the macro- 
lens. 

We note two interesting circumstances: 

1) with H,=>E,, the microlens effect vanishes; 

2) the character of the image (chromatic and spherical aberration, etc.) 
and the magnification of the electron optics depend on the initial velocity 
components z, and yy Of the electrons. 

These circumstances must be borne in mind in selecting the combination of 
macro- and microlenses. Our analysis also shows that the initial kinetics of 
the electron beam is an important factor where formation of the image is con- 
cerned. 


Characteristics of the electron beam necessary for observation 
of magnetic microtopography 


The sensitivity, resolution and magnification of the electron optical 
system necessarily depend on the characteristics of the electron beam modulated 
by the magnetic microlenses. Let us list these characteristics: 

1) the electrons must have an optimal velocity: obviously if velocities 
are high the electrons will only be weakly modulated by the local magnetic 
fields; important here is not only the mean velocity imparted to the electrons 
by the electric field but also the velocity straggling of the emitted elec- 
trons; 

2) the angle between the electron beam and the magnetic field over the sur- 
face of the specimen will undoubtedly have a considerable influence on the 
quality of the resultant image; 

3) accumulation of electrons, if they are significantly slowed down, will 
produce a noticeable space charge and, consequently, have a deleterious effect 
on the sensitivity; 

4) the best results should be obtainable with narrow beams when overlap- 
ping of the effects of neighboring magnetic region is minimal. 

The quality of the image and degree of magnification we have achieved with 
each of the procedures described below are in a sense measures of how close we 
have been able to come to the ideal conditions formulated above. The potenti- 
alities of each procedure must be evaluated on the basis of the possibility of 
approaching closer to the ideal conditions. 


we a PA 
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Visualization of domains by means of secondary electron emission 


The experimental arrangement for obtaining an image of the surface by 
means of secondary electron emission has been described.4»5 The primary beam 
impinges on the hexagonal face of a cobalt single crystal. Secondary electrons 
released from the surface "Spiral" to a greater or lesser extent about the mag- 
netic lines of force, i.e., are deflected by the microfield, which provides 
the contrast in the eventually formed electron optical image. 415 

The electron beam modulated in density by the local magnetic fields is 
focused on the screen by a magnetic macrolens to form an image of the domains 
(Fig.1). For comparison in Fig.2 we show the powder pattern observed on the 
same specimen. Comparing the same area in both photographs, we can readily 
see that the electron optical image really does show the domain structure. 

[we would like to assure the reader finding it difficult to detect any simi- 
larity between Figs.1 and 2 that the fault does not lie with our reproduction. 
Except for the arrows, the original photograph of Fig.1 would appear to be 

an underexposed, out-of-focus snapshot of a classical London fog. Translation 
editor.]] 


Fig.1. Electron optical picture of Fig.2. Powder pattern on the same 
the domains on the surface of a co- surface of the cobalt single crystal 
balt single crystal obtained by the shown in Fig.l. Magnification 50 X. 
secondary emission procedure. The arrows indicate the same area in 
Magnification 50 xX. in the two photographs. 


Let us evaluate the merits, shortcomings and potentialities of this elec- 
tron-optical procedure. 

So far we have not succeeded in eliminating geometric and chromatic aber- 
ration connected with inadequate adjustment of the instrument and the use of 
secondary electrons having high initial velocities. Both these factors deter- 

mine and limit the useful magnification of the optics and the contrast of 
the image. : 

The procedure does in general correctly render the domain structure and, 
if geometric and chromatic aberration can be substantially reduced, has the 
potentiality of developing into a technique for obtaining greatly magnified 
(up to several thousand times) domain images. It should be feasible to mini- 
mize aberration by design of a special metal emission electron microscope 
having provision for utilizing beams of low velocity secondary electrons. 


isualization of domains by means of an electron mirror 


Visualization of domains by means of #1. 


The second promising procedure we tried for domain visualization is that 


of the electron mirror. 


The reason for using such a mirror is to enhance the sensitivity of the 
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system by increasing the interaction of the 


Fig.3. Electron optical 
picture of domains on the 
surface of a cobalt single 
crystal obtained by the 
electron mirror technique. 
Magnification 150 X. 


it a 
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Fig.4. Powder pattern on the same sur- 
face of the cobalt single crystal as 
in Fig.3. Magnification 150 x. 


electrons with the local fields. 
tron mirror the electrons are stopped near the 
surface and then begin to move in the reverse 
direction. 
with relatively slow electrons so that appreci- 
ably better contrast should be obtained than 
when the image is formed by means of fast second- 
ary electrons. 
by our experimental results. 
electron mirror set up is described in Ref.7, 
where a detailed comparison between the pictures 
obtained by this procedure and by the powder 
pattern technique is also given. 
lustration we have reproduced in Figs.3 & 4 
photographs of the same area of a cobalt single 
crystal obtained by the electron mirror and 
powder pattern procedures. 
were photographed by means of a metallurgical 
microscope. 

The domain boundaries at a magnification of 
150 X are seen in the form of bright very con- 
trasty halos; much detail is discernible. The 
dark area at the right in Fig.3 is the region 
of secondary emission; the next zone is the re- 
gion of reflection of electrons near the crystal 
surface and the zone at the left is due to re- 


With an elec- 


Thus near the surface we are dealing 


This reasoning is substantiated 
The experimental 


By way of il- 


The powder patterns 


flection of the electrons from a 
region further away from the surface. 
An electron mirror with magnetic 
topography yields an image with 
specific distortions due to the 
peculiarities of the electron motion 
in the complex configuration of the 
micro- and macrofields. The pic- 
tures must be interpreted with great 
caution. 

At the same time it must be ad- 
mitted that the mirror gives excep- 
tionally contrasty images. We ob- 
tained a useful magnification of 
150-200 X; with appropriate suppres- 
sion of geometric aberrations the 
magnification can be further in- 
creased. Initially, interpretations 
of the photographs obtained by this 


procedure must be based on experimentation and comparison with powder patterns, 
etc. It should eventually be possible to realize quantitative evaluation of 


domain fields. 


Although the electron mirror technique seems promising, it is 


impossible to say now whether hyper-optical magnifications can be achieved by 


means of it. 
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Visualization of magnetic microstructure by the modulated film technique 


An obvious question is whether one cannot use the 
modern transmission electron microscope with its 
great magnification for the investigation of domain 
boundaries. One possible procedure for such applica- 
tion of the electron microscope was suggested by 
Martin in 1944 and realized experimentally by Eckhardt 
& Elschner® in 1952. 

Essentially the procedure consists of depositing 
a ferromagnetic powder on the crystal, obtaining a 
replica and then examining this replica in a trans- 
mission electron microscope. By means of this method 
one can make a more profound study of the magnetic 
microstructure than by means of an ordinary optical 
microscope. The procedure is relatively simple and 
can undoubtedly lead to interesting results. The 
replica procedure, however, does not yield a picture 
of the topography of the magnetic field on the sur- 

? face of the specimen but rather a map of the con- 

Fig.5. Modulated film tours of the ferromagnetic particles located in this 


image of local magnetic field. 

fields on a cobalt It may be asked whether instead of obtaining a 
_Single crystal. Mag- replica of the geometric relief produced by the de- 

nification 60 X. posited powder one cannot cause a film to form direct- 


ly under the influence of the local magnetic 
fields? In this case the field would act on 
the molecules and ions constituting the replica 
film rather than on the comparatively large col- 
loidal particles of a ferromagnetic powder. 

It is known that films can be formed under the 
influence of electron bombardment. We found 
that such films formed under certain conditions 
on the surface of a ferromagnet are "modulated" 
by the magnetic inhomogeneities. 

We established that at low magnifications 

iF ; there is general correspondence between such 
Fig.6. Modulated film image modulated film images and powder patterns. At 
of local magnetic fields on present we are engaged in determining to what 
silicon iron. Magnification extent the modulated film images agree in de- 
120 X. tail with powder patterns. Photographs of the 
magnetic inhomogeneities on the surface of 
cobalt and silicon iron specimens obtained by the modulated film technique 
are reproduced in Figs.5 & 6. Our results so far are only of a preliminary 
character.* (See note on next page.) 

We feel that side by side with indirect electron optical procedures for 
investigating microfields it is expedient to continue the development of di- 
rect electron optical techniques inasmuch as they should make it possible to 
observe dynamic behavior of the domain structure under the influence of dif- 
ferent factors and are also promising as regards attainment of hyper-optical 


resolutions. 


Department of Physics, 
Moscow State University 
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ers picture of the domains on the surface of the same cobalt speci- 


men was obtained by means of photoelectrons by Spivak et al’. 
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NATURE OF FERROMAGNETIC DOMAIN WALLS 
(Abstract) 
- C.P.Bean 


A new method has been employed to measure accurately the surface energy 
associated with a ferromagnetic domain wall. A cylindrical wire of 65% nickel 
+ 35% iron with an axial stress-induced anisotropy receives a pulse of magnet- 
ic field in a direction opposite to that of its initial magnetization. 

Due to shielding of the external field by eddy currents, a cylindrical 
domain wall is formed, separating the outer region of the wire which has re- 
versed its magnetization from the inner region which retains its initial di- 
rection of magnetization. In zero field this domain wall shrinks due to its 
surface energy, but its motion can be stopped by a field tending to make it 
expand. From the value of this field and the radius of the domain wall, the 
surface energy is calculated. 

Measurementsof this energy as a function of the anisotropy allow a separa- 
tion of the factors which contribute to the surface energy and, in particular, 
give a value of the "exchange stiffness" for this alloy of 1.0 + .2 x 1076 
erg/cm. This result is compared with the various theoretical predictions. In 
addition, an experiment has been devised to measure the thickness of the ferro- 
magnetic domain wall. In brief, the change in balancing field caused by pas- 
sing a current down the wire is proportional to the integral of the circumfer- 
ential component of the magnetization over the radius of the wire. This inte- 
gral is a measure of the thickness of the domain wall. Preliminary measurements 
of this quantity are in good accord with theoretical predictions. 


General Electric Research Laboratory 
Schenectady, N.Y. 
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THERMAL CHANGES ASSOCIATED WITH MAGNETIZATION 


- L.F.Bates 


1. Introduction 


The results of experimental work on the thermal changes which accompany 
the magnetization of ferromagnetic metals and alloys on making step-by-step 
changes in an applied magnetic field have been reviewed on two recent occa- 
sions!»2, In the present communication an account will be given of some im- 
provements in the technique of measurement and of new measurements on ferro- 
magnetic substances. It is well-known that the observed thermal changes are 
very small, so that their measurement requires the detection of temperature 
changes of the order of 10-S0¢, The experimental procedure used in Notting- 
ham has been described elsewhere and hence will only be outlined here. The 
specimen under investigation is usually in the form of a rod or stout wire, 


about 40 cm long and 0.5 cm or less in diameter. It is mounted vertically 


inside a water-cooled solenoid which supplies the magnetizing field, the 
vertical component of the earth's magnetic field being separately compensated. 
The magnetizing current can be changed by cutting out resistances in parallel 
with the solenoid; a choke of high inductance and low resistance is permanent- 
ly connected in series with the main current supply in order to avoid rapid 
field changes which would produce eddy-current heating of the specimen. 

The temperature changes accompanying magnetization are measured by a 
system of some 20 copper-constantan thermocouples, whose "hot" junctions are 
attached to the specimen, while the "cold junctions are close to, but not 
in contact with, the specimen. Each thermocouple has its own primary winding 
on a Mu-metal core transformer, whose secondary winding is connected to a 
sensitive, long-period galvanometer. Formerly, the galvanometer scale distance 
was 8 meters, and the ballistic deflection, which occurs when the temperature 
of the specimen is suddenly changed, was observed with a large telescope. 

The temperature change causes a current to flow in each thermocouple circuit, 
the flux through the secondary winding of the transformer is changed and 

then remains constant for a short time so that the galvanometer gives a bal- 
listic deflection, after which the galvanometer spot returns to its initial 
position. Subsequently, (see Ref.3), the telescope was replaced by a split 
photocell amplifier similar to that described by Preston (1946), except that 
negative feedback was not employed. While the use of the amplifier produced 
only a slight increase in the overall sensitivity of the apparatus, it result- 
ed in a great improvement as regards the ease with which the thermal deflec- 
tions could be read. 

The thermal deflections are usually calibrated by producing a known adia- 
batic cooling of the specimen by suddenly hanging a weight from its lower end; 
in accordance with the Joule expression 


AT =—aTF/JpSA or AQ =—aQF/A, 


where AT is the change in temperature which occurs when a tension F (dynes) 

is applied to a rod with a thermal expansion coefficient Q, S is the specific 
heat of the specimen, p is its density, A is its cross section area and T is 
the absolute temperature. It is often more convenient to calculate the cor- 
responding quantity of heat QQ in ergs/per cc. Other methods of calibration 
such as the passage of low frequency alternating current through the specimen, 
or calculations based on Warburg's law are frequently employed in special 
cases. Details of the mounting of the specimens and the elimination of errors 
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due to eddy currents, etc. are given in the original papers. The magnetic 
hysteresis curves of the specimens are found by the usual ballistic method, 
using a coil wound on the central portion of the specimen and correcting for 
demagnetization effects. 

Since materials of high coercivity are normally available only as short 
specimens and for magnetization require fields much stronger than those readi- 
ly obtainable with a solenoid, a technique different from the foregoing was 
used by Bates & Simpson*. They used a single thermocouple connected to a 
sensitive galvanometer with a suitable amplifier. The "cold" junction of the 
copper-constantan thermocouple was some 2 or 3 mm from the “hot” junction. 

The thermocouple was cemented along the axis of an ebonite tube with the "hot" 
junction protruding from one end and bent over to make a disc which could rest 
in close contact with the flat surface of the specimen. The latter was mounted 
between the poles of an electromagnet with thin sheets of soft rubber between 
the pole faces and the specimen. The pole pieces were water cooled and great 
attention was paid to the thermal insulation of the specimen. 


2. Theoretical Considerations 


Let us now turn to the theoretical aspects. In an important treatment 
of the reversible processes accompanying magnetization, Stoner & Rhodes? 
showed that the reversible component of the thermal change 4Q' for a field 
change from H, to H is given by 


H H 
[AQIE =a (a (HJ) +b \HdJ, (1) 
Ay Ay, 


where J is the intensity of magnetization and a and b are constants for the 
material under investigation. The first term on the right side of Eq. (1) 
gives the thermal change due to change in intrinsic magnetization, the con- 
stant a being equal to -(T/Jg) (05,/0T) , where J, is the intrinsic magnetiza- 
tion. The second term represents the thermal change associated with reversi- 
ble rotation processes only, and the constant J is equal to (T/k) (dk/dT), 
where k is the modulus of the appropriate anisotropy constant, K. 

Let us consider the first term in Eq.(1). Since the slope of the (J,,T) 
curve is normally negative, the coefficient a is positive, and for a field 
decreasing from saturation the integral is negative (by convention we always 
start with a field described as negative). Thus the first term is negative 
in these circumstances and represents a cooling. Since rotation processes 
are very small near the saturation condition, the second term will then be 
either very small or zero, assuming that the coefficients a and b are of a 
reasonable order of magnitude. We therefore always expect an initial cooling 
of the specimen. With further decrease of the magnetic field rotation proces- 
ses become more important, and the integral in the second term is no longer 
very small. The sign of the coefficient ) depends on whether k increases or 
decreases with rise in temperature. It is clear that when the magnetic field 
py MOE tad in the region of coercivity, irreversible processes occur 
ae slater not valid until positive fields much above the coercivity value 

If we subtract from the observed thermal changes those which may properly 


be considered due to changes in intrinsic m 
Rhodes we may write agnetization, following Stoner & 


Q" = SdQ' —a\ d(H) =\b'Has. (2) (2) 


Fig.l. Results for 0.5% 
silicon-iron in the un- 
treated (hard drawn) condi- 
tion. Maximum field 400 
oersted. 
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In this equation, 5” corresponds to J of Eq.(1), 
but is placed under the integral sign to allow 
for possible variation when calculated from (’ 
experimental data. Hence, bi ay RE and, 

in order to make quite clear how the experi- 
mental results are treated, we may write 


Weegee one 
A\ HaJ 


We thus see that the quantity 


6" is of much interest, even though we cannot 
expect exact agreement between the experimental 
values 5” and the calculated values of b, be- 
cause the latter are not exactly known and the 
former may be modified by other processes not 
accounted for in the above treatment. Never- 
theless comparison of b” and b for many materi- 
als is obviously important, and many represent- 
ative values are now available*, Some recent 
attempts to separate the reversible and ir- 
reversible effects are described below. 

The work of Bates & Marshall with silicon- 
iron provides very good examples of the applica- 
tion of the Stoner and Rhodes theory. We will 
briefly consider here their data for a 0.5% 
silicon-iron specimen. The results for the 
untreated material, i.e., in the hard drawn 
condition, are shown in Fig.l. The materi- 
al was first magnetized in a field (nega- 


noe tive) of some 400 oersteds. Starting from 


the left side of the figure, we follow the 
course of the Q' curve as the specimen is 
exposed to a magnetic field which is de- 
creased step-by-step. We note the initial 
cooling, followed by a pronounced heating 
as the coercive point is traversed. The 
ordinate of the outermost point on the 
right side of the figure represents the 
heat wasted in going through a half-cycle 
of magnetization. (In order to save 
space, we have cut off the curve for the 
remaining half-cycle.) 

The curve labelled MC, signifying 


x 


-300 00 


Fig.2. Results for 0.5% silicon- 
iron in the annealed condition. 
Maximum field 400 oersteds. 


magnetocaloric, is the thermal change 
represented by afd(/H) , calculated by 
assuming a definite value of 3.40-107 
fora. It is worth noting that the mag- 
netocaloric effect is not a high-field 
phenomenon only, and that it must be 
taken into account at all field strengths. 
The curve Q" is obtained by plotting the 
difference in the ordinates of the Q' and 
MC curves. Finally, we have the |Hd/J 
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curve; from it and the Q" curve, the increments 2Q" and A\Hd/ for chosen 
increments of H enable us to calculate the values of b” shown in the lower 
portion of Fig.1. We see that b" has a small, constant negative value, ex- 
cept in regions of low field, where the Stoner and Rhodes theory does not 
apply. ; 

In Fig.2 we have the corresponding data for the same specimen of silicon- 
iron after a normal industrial anneal: approximately 15 hours heating up to 
830°C, "in its own atmosphere", followed by approximately 48 hours in the town's 
gas supply. The values of 6” are now positive. Attention is directed to the 
shapes of the Q' and Q" curves, and especially to the peculiar "dips" or 
troughs in the region of H = 0. When one compares the Q" curves of Figs.1 & 
2, the suggestion at once arises that the "dip'’ must be intimately connected 
with the occurrence of boundary movements which should be much more pronounced 
in the case of the annealed specimen. The "dip’ is all the more interesting 
because it is in a region where irreversible heating would be expected. In 
seeking for a satisfactory explanation for its occurrence we have done much 
work, some of which is described below. 


3. Separation of Reversible and Irreversible Changes 


It is clear that a considerable advance would be made in our comparison 
of experimental results with the Stoner and Rhodes theory, if we could dis- 
tinguish between the reversible and the irreversible components of the thermal 
changes which are observed when we make a change in magnetization. Three at- 
tempts have so far been made to measure reversible heat changes experimentally. 
The first was a direct method applied by Okamura® to a large number of materi- 
als, but his method does not appear to be sound although his results certainly 
give an indication of the magnitudes of the separate reversible and irreversi- 
ble effects. More recently, Tebble, Wood & Florentin’ used the simple thermo- 
dynamic relation of Eq.(4) given below, while Bates and Sherry? used the di- 
rect method analogous to the method of measuring reversible susceptibility, 
namely, by making small backward and forward increments at given points on 
the hysteresis cycle. At moderate and high fields, the last method is clearly 
effective, but in low fields it would be necessary to employ very small incre- 
ments, especially with materials of low coercivity. However, it was found 
possible to use the method on a specimen of electrolytic cobalt. It is con- 
sidered that this would be reliable with any material provided that the thermal 
sensitivity of the measuring apparatus were sufficiently high. 

Let us turn to Fig.3. Here the smooth curve depicts a portion of the mag- 
netic hysteresis curve for a ferromagnetic material that is in the cyclic state 
and has arrived at the conditions represented by point A. The field increment 
Ha to Hg is made, and the thermal effect accompany- 
ing the change is measured by the method described 
above. Now, instead of continuing around the cycle, 
the field is returned to H, and, unless the step 
AB is entirely reversible, the material will now be 
at a condition A' which is different from A. If 
this subsidiary step is reversible, when the field 
is again increased to Hg a return should be made to 
B. This is only true if the step AB is vanishingly 
small, and in practice finite changes of sufficient 
Fig.3. Method of sepa- magnitude must be realized to give a measurable 
rating reversible and thermal effect. The reversibility test to be applied 
irreversible changes. here is that the heat change accompanying the step 
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_BA' must be equal in magnitude but opposite in sign to the change accompanying 


step A'B; furthermore the associated increments in magnetization must be equal 
and opposite. The field increments are so chosen that the difference between 
the magnitude of the thermal changes BA' and A'B is smaller than the experi- 
mental error and therefore to a first approximation the area of the closed sub- 
sidiary loop is so small that irreversible effects can be neglected. 

It is assumed that the step A'B represents the reversible part of the 
step AB since, as long as the subsidiary step is reversible, the measured 
LQ' rey/OH value cannot depart much from the true limiting value, and there 
are few irreversible jumps or the subsidiary loop would not be closed, Thus 
it appears that a satisfactory direct separation may be made when materials 
of moderate coercivity are chosen. 

Measurements on the above lines were first made on a specimen of electro- 
lytic cobalt, both the heat treated and untreated states. The irreversible 
heat changes were deduced from the simple relation 


Q"tot = Q'rev + Q' irrev’ (3) 


One set of results is shown graphically in Fig.4, from which it may be seen 

that the total curve Q'io4 exhibits the usual form for cobalt (Bates & Harrison, 

1948): it rises slowly to a maximum and then descends to the value of the ener- 

gy loss per half-cycle. The extreme portions of the graph are linear because 

the function |HdJ is linear over these regions. The overall heating was in 
Q', erg/am? good agreement with the value predicted 

by Warburg's law. The curve for irreversi- 

ble changes Q'jrrey is satisfactory, be- 

cause little change takes place at the 

larger field values; the major part of 

the heating occurs on the steep part of 

the hysteresis cycle and the middle of 

the rise is at the coercive point (34 

oersteds). No irreversible cooling is 

observed. The curve for reversible changes 

is symmetrical about the zero field axis, 


-4 -i00 -200 -0 0 0 200 30 0 and the net thermal effect is only -1400 
H,oersted erg en73, a discrepancy which is well with- 
Fig.4. Cobalt (heat treated) - in the limits of experimental error in 
separation of reversible and ir- view of the fact that the observed maximum 
reversible changes. reversible heating was 42,800 erg em73. 


The quantitative test of these results 
was obtained by the application of the Stoner and Rhodes theory, since we 
could now consider only the effect of the reversible rotations. The energy 
changes due to rotations, denoted by Q"rey, could be obtained, as is seen from 
Eq.(1), by subtracting from Q'rey the effect caused by the changes in intrin- 
sic magnetization. Fortunately, the latter effect is small in cobalt, as 
dJ,/dT is small. The results and the theory were then tested by the consist- 
ency of the coefficient pes 
AQrev 


b” ee NE 
Af HdJroy 


The results for the reversible increments in intensity of magnetization were 
obtained by similar "back" steps and the value of A\HdJpoy evaluated. Once 
again, it is emphasized that the method is a first approximation only, since 


the value for 
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+Hmax 
\ HoTec 


—Hmax 


was not zero as would be expected, but was small and positive. 


" 3 
N Or ev? erg/cm 


ee me 
UOS ee erg/om® 
Fig.5. Cobalt (heat 


treated) - test of Stoner 
and Rhodes theory. 
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Fig.6. Analysis for Alcomax 
b” estimated as described in 
text, 


Bates & Simpson4 analyz 
materials in the light of Eq 
(8% Al, 13.5% Ni, 50% Fe, 24 
the variation of Q', a\d(HJ) 


A plot of Q" yey vS JHdJpey for the same 
specimen is given in Fig.5. In this graph the 
open circles represent the results from -400 
oersteds to zero field, while the black circles 
represent the second part of the hysteresis cycle 
from zero to +400 oersteds; the outermost end is 
at the value for zero field. Within the limits 
of experimental error, the ascending points fall 
on the same straight line, which shows that the 
value of 5” is constant right down to the lowest 
fields. Previous results indicated that 0’’ was 
constant at the higher field values only, but we 
now have direct experimental support for the 
Stoner and Rhodes theory over the whole field 
range. The experimental results gave b” = -1.1 
which is in good agreement with the calculated 
value, particularly in view of the pos- 
sible unreliability of the values of 
dK/dT. 

In the case of untreated cobalt, the 
results were also satisfactory: the coef- 
ficient }” was constant over a large part 
of the field range, but showed a slight 
increase as zero field was approached. 
The actual value of 5” was again most 
satisfactory, namely, -1.3; the slight 
difference between the two measured }” 
values is not thought to be significant, 
since the theoretical value is -1.27. 

In the work of Ref.4 a similar at- 
tempt was made to separate reversible 
and irreversible processes with high co- 
ercivity alloys, but it was impossible 
to make the field changes sufficiently 
small with the available sensitivity. 

The work was not fruitless, however, as 
the experiments indicated clearly over 
what regions of the cycle the magnetiza- 
tion processes were completely reversible. 
For example, in the case of an alnico 
specimen, starting with an initially 
III; saturated specimen, the magnetization 
processes were found to be completely 
reversible from saturation (above 2200 
oersteds) down to 800 oersteds. 
ed the experiments made on seven high coercivity 
-(1). The results for a specimen of Alcomax III 
-5% Co, 3% Cu and 1% Nb) are given in Fig.6, where 
and | Hd/ with H are shown for those field values 
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where irreversible processes are small or zero. The integrals were found by 
measuring the appropriate areas within the J,H loop. The axes of the a\d(HJ) 
curve have been chosen to make the curve coincide with the Q' curve on the 
left side of the figure. This means that over the initial portions of the 
cycle changes in intrinsic magnetization alone are assumed to take place. 
The thermal changes in these regions thus enable a value for a to be calculat- 
ed, and this in turn permits calculation of aJ{d(HJ) and the coefficient b’. 
We see that for negative fields from saturation to about -400 oersteds the 
a\d(HJ) curve and the thermal curve Q' exactly coincide, and hence taking a 
to be 0.094, b” is zero over this region. The variations of b” over the rest 
of the cycle are typical of the results obtained in earlier work. They are 
considered to be characteristic of irreversible processes in which rotation 
contributions are small. On the whole, the Stoner and Rhodes theory adequately 
fits the experimental results, although the experimental values of a are some- 
what larger than expected. 


4. Further Theoretical Considerations 


Eq. (1) can be expressed in a more general form from free energy consider- 
ations (Teale, 1955): 


H 
veka Taras 
(Q'}= =C \ Hdd —=- - Gel — (HJ)), 
Hy 
where C is appropriate to the type of process involved in the change of mag- 
netization. Here we see that the second term depends only on the magnetic 
states at the beginning and at the end of the magnetization change responsible 
for the change in Q' and that it applies both to reversible and irreversible 
changes; whereas the first term is seen to depend on the actual path by which 
the magnetic change occurs and can be valid only for reversible changes. Conse- 
quently, we may picture different processes as contributing separately to the 
first term and may theoretically examine the contributions to Q'. Thus, if 
* only boundary movements are involved in the change in magnetization, C in Eq. 
(4) is given by (T/y) (dy/dT), where y is the energy per unit area of domain 
wall. If we suppose that the motion of the domain wall is impeded by a mechan- 
ism such as that visualized in the strain theory, C is given by 


(4) 


7 a Lee Oke 
eae eek ed 
where }, is the saturation magnetostriction coefficient. Other expressions 
may likewise be deduced to take account of the magnetostatic energy due to 
free poles and of the effects envisaged by the Néel disperse field theory, 
which gives 
cut dhs weTpe dK 
SIGE Te, Pf P 


s 


These expressions for the first term have recently been discussed by Lilley 
(Thesis, University of Leeds, 1952) and Teale (Thesis, University of Leeds, 
1955). 


5. Experimental Work at Leeds University 


Dr. R.S.Tebble (to whom I am indebted for much helpful information on 
work done at the University of Leeds) and his co-workers have endeavored to 
make measurements under conditions in which changes in magnetization take 
place reversibly so that the Stoner & Rhodes analysis may be rigorously 
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applied. They have avoided the difficulties of measuring (0Q'/0H), under re- 
versible conditions by measuring (0//0T)q and calculating the former quantity 
by using the thermodynamic relation 


(30'/aH), = —T (07 /0T)n, (5) 


It is thus more convenient in this work to write Eq.(1) in the differential 
form 


(9Q’/OH), = a{J + H (0J/0H)r} + bH (A /0H)p- (6) 


Then bh” can be calculated using the expression 


AX rey ; 


ba 


where 7,.,is the reversible susceptibility and is equal to (0//0H)r. 

Their method involved the measurement of a change in magnetization of the 
order of 1 e.m.u. in the specimen when it was heated and cooled by a stream 
of liquid through a temperature range of about 1°c. They used polycrystalline 
specimens in the form of long narrow ellipsoids and the changes in magnetiza- 
tion were measured by means of a suspension magnetometer. In addition, work 
was carried out with single crystal "picture frame’' specimens; in these experi- 
ments the changes in magnetization were measured with a search coil connected 
to a galvanometer with a photocell amplifier. 

They found general agreement with the results obtained in Nottingham for 
the total thermal Q' changes and in particular with the curves given by Bates 
& Sherry? in Fig.4. Their value for b” for nickel in fields of the order of 
100 oersteds was -4.35 in good agreement with the calculated value of -4.5 given 
by Stoner and Rhodes; their values for cobalt in fields of between 200 and 400 
oersteds fell uniformly from -1.10 to -1.14 in good agreement with the calcula- 
ted value of -1.1. They found no indication of a decrease in 5’ in high fields. 

Tebble and his co-workers have also attempted to estimate the effect of 
processes other than rotation on the value of b”; in other words, they have 
attempted to find the components of the coefficient C in Eq.(6) above. How- 
ever, this estimation is a matter of considerable difficulty because of the 
smallness of some of the effects, but they hope soon to show the presence of 
disperse field processes as the sign of }’ is reversed, by means of experiments 
on strained single crystals. 


6. Experimental Work on Ferrites 


It is clear that examination of diverse materials in order to try to dis- 
tinguish between the several processes which are responsible for changes in 
magnetization, as well as for the purpose of explaining the phenomenon of the 

dip , is important. Hence it was felt that a study of the ferrites might well 
be rewarding. The first experiments with these materials were made by Bates & 
Sherry? who used four specimens of Ni-Zn ferrites of compositions ranging from 
15 NiO and 35 ZnO to 48 NiO and 2 ZnO. These particular materials have low 
Curie points in the range 130 to 550°C and, consequently, (T/Jo) (dJ,/dT) - the 
first term in the expression for C - is so great, that the ordinary magneto- 
caloric effect is very pronounced in them. 

Only in the specimen of lowest Zn content did Bates & Sherry find any 
marked evidence of irreversible processes, when it appeared as a kind of step 
superimposed on the large magnetocaloric effect in the low field region. The 
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thermal effects were overwhelming- 
ly due to change in intrinsic mag- 
netization with temperature, and 
rotational processes were certain- 
ly very small. However, consider- 
able evidence of the existence of 
the "dip" was found, and careful 
investigation proved that the 
phenomenon is a real one for which 
we have no completely satisfactory 
explanation. 

The experiments on ferrites 
have recently been extended by 
D.A.Christoffel who has consider- 
ably improved the sensitivity of 
the measurements. Among the in- 
teresting results he has obtained, 
Fig.7. Results for a commercial Mn-Mg the following may be noted. First, 
ferrite. with a commercial Mn-Zn ferrite, 

of coercivity 0.5 oersted and Bnax 
4,000 gauss, with low remanance, the thermal changes in fields from some hund- 
reds of oersteds down to 15 oersteds were due almost entirely to the magneto- 
caloric effect, but there was a small rotational contribution, as the magnet- 


-ization increased slightly with the field even when the latter exceeded 300 


oersteds, and the Q”, H curve gave a distinct positive peak in a field close 
to H= 0. It was found that the value of b”’ was constant at -1.0 over the 
ranges +(300 to 15) oersteds, but in the field range +15 oersteds 6” fell 
sharply to a value of about -4 or -5. Hence, another process besides rotation 
and change of intrinsic magnetization is involved. 

Second, with a commercial Mn-Mg ferrite, of coercivity 1.6 oersteds and 
Bmax = 3,500 gauss, with a square hysteresis loop, and with a much lower mag- 
netocaloric effect than the first of his specimens, Christoffel obtained the 
results shown in Fig.7. Here, there is a distinct "dip in the Q' curve for 
fields below 10 oersteds, in which region b’ attains positive values; its val- 
ue in higher fields is -4, approximately. Some of the changes in b” in the 
field ranges -50 to -10 and +10 to +80 oersted seem well worth further study. 
These interesting experiments are being continued with other ferrites. 


7. Experiments with Ferromagnetic Alloys 


In the pioneer experiments of Bates & Weston (1941) and of Bates & Har- 
rison (1948), several ferromagnetic alloys, more particularly those of moder- 
ately high coercivity were studied. However, the discovery of the "dip" in 
silicon-iron made it imperative to carry out a series of measurements on low 
coercivity alloys, as well as on single crystals of iron and silicon-iron, with 
apparatus of high sensitivity. Such measurements have recently been made by 
D.J.Sansom, and a preliminary account of some of his work will now be given. 
The account is preliminary because it transpires that the calibration of the 
thermal changes is at the moment somewhat incomplete in view of the fact that 
accurate values of the coefficients of thermal expansion of the alloys are not 
available; it is intended to measure them forthwith. 

In the following table are given the approximate constitutions of some 
commercial alloys, supplied in the form of rods 36 cm long and 4 mm in dia- 
meter, except in the case of H.C.R. alloy which is available only in the form 
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+100 
ne Jmax, He, \ HdJ, 4 
Alloy composition, éauss tea| —100 
2 pe er'g/an? 
Mu—metal 77 Ni+ 14 Fe* 068 0,035 80 0,267 
Ble (lat 50 » +50 » 1230 0,42 670 0,148 
Radiometal 50 » +90 5 1230 0,16 940 dee 
Rhometal 36 » + 60 » 1220 0, 24 1220 Onn 
*Remainder — impurities 


of thin strips, of which a composite specimen consisting of 12 strips each 
40 cm x 3 mm x 0.2 mm was made. 

It should be understood that most of these alloys contain small quanti- 
ties of other metals besides nickel and iron in order to improve their proper- 
ties for commercial use. HCR alloy is particularly interesting because it is 
a grain-oriented, square hysteresis loop material, the long axis of the strips 
being roughly a [001] direction of easy magnetization. (Radiometal of similar 
composition is not grain-oriented.) 

The coefficient a=—T/J,-d/J, /dT was found by measuring the temperature 
variation of the saturation magnetization in a field of about 4,000 oersteds; 
it is estimated that the values of a are accurate to about 4%. Imax» given 
for comparison purposes, is the intensity of magnetization in a field of 100 
oersteds. 

In all cases the (Q',H) curves were linear for fields of above 100 oer- 
steds; indeed in some cases they were linear down to about 20 oersteds, apart 
from a slight upward curvature, attributable to rotation. The curve for mu- 
metal was actually linear down to zero field, presumably because its aniso- 
tropy and magnetostriction are so small. For all the specimens the thermal 
changes, as tested by the Bates & Sherry method, were reversible down to 
about 2 oersteds and therefore with a knowledge of x..it should be possible 
to make an estimate of b” for each. 

The results for the grain-oriented H.C.R. alloy are shown in detail in 
Fig.8 (assuming a coefficient of expansion of Q@ = 10-1076 degree-l). One 
notes the pronounced "dip" in the (Q",H) curve. There was no "dip" in the 
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~100 -50 0 50 100 
Fig.8. Fig. 9. Or 
Fig.8. Results for grain-oriented H.C.R. alloy. 
Fig.9. a) Q'' curve for grain-oriented H.C.R. alloy, b) Q" curves for Radio- 
metal. Both alloys are approximately 50% Fe & 50% Ni. 
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(Q",H) curve for Radiometal, however, 
in spite of the Similarity in compo- 
sition. For comparison the (Q",H) 
curves for both specimens are shown 
on a large scale in Fig.9 (a & b), 
assuming this time that q@ = 8-1076 
degree-l in order that the ordinary 
magnetocaloric effect should be com- 
pletely eliminated from the curves. 
As far as the experiments have 
gone at present,we may say that Mu- 
metal shows only a small rotation 
effect and no observable change due 
to boundary movements, while Radio- 
metal gives larger rotation effects 
but still no boundary effects. How- 
ever, H.C.R. alloy and Rhometal show 
Fig.10. Results for single crystal of large boundary effects and weak ro- 
3% silicon-iron. tation effects, but the thermal 
changes due to boundary effects are 
of opposite sign in these two alloys. One suspects therefore that boundary 
effects are very dependent on crystal orientation. For this reason experi- 
ments are being made on single crystal specimens of silicon-iron. In Fig.10 
are given some results for a single crystal of 3% silicon-iron when magnetized 
along a direction close to the [111] direction of difficult magnetization. 
Here the effects of rotation are very pronounced, and the (Q",H) curve exhibits 
a broad, positive peak. Incidentally, we have just devised a new electrical 
method for measuring (0//0T), with such single crystal strip specimens, and 
we hope to report on such measurements soon. 


8. Concluding Remarks 


In this communication an attempt has been made to give an account of re- 
cent additions to our knowledge of the theoretical and experimental aspects 
of the heat changes accompanying magnetization processes. I should like to 
record my thanks to the Department of Industrial and Scientific Research and 
to my research students for their help in this work, as well as to the many 
friends, particularly Dr.E.W.Gorter of the Philips Research Laboratories, 
Eindhoven, and Dr.H.H.Scholefield of the Telegraph Construction and Mainten- 
ance Company, who have so willingly supplied me with the materials needed. 
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REPORT ON SOME RECENT PROGRESS IN THE FIELD OF MAGNETIC INVESTIGATION IN TOKYO 
- Ryogo Kubo 


I would like to report here on the results of some recent experiments 
made by my colleagues in Tokyo. I shall speak on four topics from two dif- 


ferent fields. 
I. Magnetic Susceptibility of Transition Metals near Their Melting Points 


The first topic is the change of magnetic susceptibility of transition 
metals and their alloys in the vicinity of their melting points. This work 
has been done by Y.Nakagawal at Kaya's Laboratory in our Department of Physics. 
He made careful measurements of the susceptibility of transition metals, such 
as Ni, Co, Fe, Mn and their alloys up to 1600°C in an atmosphere of argon. 

The results are summarized in Table 1. They are divided into several 
groups. Group 1 consists of those materials that do not comprise iron. Group 
2 includes iron and iron-rich alloys. Group 3 consists of iron-poor alloys. 
Each group is further divided into subgroups. The materials in subgroups a 
show a decrease of y (susceptibility per unit mass) when they melt. Subgroups 
b include those materials for which y increases in melting. Finally, y remains 
unchanged for the materials in subgroup c. 


Table 1 


Results of measurements of the magnetic susceptibility of 
transition metals and their alloys at their melting points (Nakagawa) 


Group | Material | 


Ax 

19-8 3-1 | ee | C, IC, 
la Co —1,5 —3 150 
Ni—Co (4:3) a = 1,0 

Ni—Co (1:1) —1)4 28 10 

Ni—Co (3:4) L633 Bs 1,0 

1b { Mn 0,3 2 1,0 
Mn ()* 1:0 9 1'0 

{ Ni—Cr (3:1) 0,8 18 1,0 

1b! Ni—Cu (3:1) 0,16 5 1.3 
[ Ni— Mn (3:1) 112 10 1'0 

Co— Mn (3:1) 4.4 14 0:8 

"Co— Cr (3:4) 14 40 0:6 

He Ni 0,0 0 1,0 


2a { Fe a) —20 4,5 

Fe — Cr (3:14) 32 2 —14 23 

( Fe—V (3:14) 8 —15 3,4 

2b Fe (y)* 1,6 7 0,4 

Fe — Ni (3:1) 2,0 8 0,8 

Fe — Co (3:1) 2.3 8 0,6 

Fe — Mn (3:1) 1,9 9 0,6 

ne ci te ee ee ee eer 

83a Fe — Ni (4:3) FEO 5 aby 1,0 
3b ( Fe—Ni (1:1) 1,2 5 

4,0 

Fe — Co (4:3) 1,9 4 0,9 

Fe — Co (4:1) 3,8 10 0,8 


*Extrapolated value. 


Ni 
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Ay in the first column of the table is the difference between the values 


of x in the solid and liquid state at the melting point, that is, Ay~=y er hae 


The next column shows the percentage variation of the susceptibility re- 
ferred to the solid state value. The last column is the ratio of the Curie 
constants, C, in the liquid and solid states. C is defined by 


me NEES) 
C=—7 : 


for each state. 
The group la is apparently the simplest case. The magnetic susceptibility 
of this group obeys the usual Curie-Weiss law, i.e., 
C 
acca; Ee 
As may be seen from the table, the experiments showed that C remains un- 
changed in melting for group la; the paramagnetic Curie temperature 9, however, 


Shows a definite decrease, which means that y decreases in melting. 


For the groups lb, 1b' and lc the susceptibility preferably is described 
by a modified Curie-Weiss law of the type 


C 


where Q is presumably independent of temperature, but increases incident to 
melting in all cases. 

In group lb, the first term @ is predominant, so that y is almost inde- 
pendent of temperature, but in other cases, the decrease of the second term 
may under certain circumstances cancel out the effect of the first term. This 
actually occurs for nickel, the susceptibility of which does not change in 
melting. 

The materials of group 2a, including pure iron, have a body-centered 
cubic (b.c.c.) structure below the melting points. The large decrease of y in 
this group is connected with this fact. We might say that in general the sus- 
ceptibility of iron satisfies the relation 


Nec cX) <Afec. 


In fact, if we extrapolate the susceptibility vs temperature curve in 
the face-centered cubic (f.c.c.) structure region (y-phase) of iron to the 
melting point, we find a value which is smaller than the susceptibility of 
the liquid phase. The extrapolated value is indicated in the table by an 
asterisk. The same phenomenon is also observed for iron-rich alloys. The 
atomic arrangement in the melts seems to be more like the f.c.c. than the 
b.c.c. structure. 

Finally, an interesting remark which Nakagawa made concerning his experi- 
mental results is the following. The measured change of the susceptibility 
can nicely be interpreted in terms of the so-called Bethe-Slater curve (Fig.1). 
In this figure, the point for pure iron is different from that commonly assumed, 
for it corresponds here to the f.c.c. structure. This curve explains the vari- 
ation of the exchange interaction constant and hence of the Curie temperature 
@. @ may decrease or increase with the volume expansion at the melting point, 
depending on whether the material is in the state on the right or on the left 
side of the maximun. 

The changes of the Curie constant C and of Q are much more difficult to 
explain satisfactorily. They might be explained by some band theory consider- 
ations. 
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II. Magnetic Annealing 
and the Directional Order 


The other topics of the present 
report are concerned with the mechan- 
ism of magnetic annealing and the di- 
rectional order. 


Magnetic annealing effect in NigFe 
single crystals 


Interaction energy 


These experiments were made by S. 
Chikazumi; some of the preliminary re- 
sults have been described in 1952 at 

Fig.1. Bethe-Slater curve. the Maryland Conference by Prof.S.Kaya”. 

The effect of annealing in a mag- 
netic field in the case of iron-nickel alloys is well known. If an Fe-Ni alloy 
is cooled in a magnetic field, it acquires a large permeability along the di- 
rection of the field, while the permeability in the perpendicular direction is 
reduced. Thus, magnetic annealing gives rise to an anisotropy, the minimum of 
which lies in the direction of the annealing field. 

A mechanism of this effect was proposed by Prof.Néel3 and independently 
by Yamamoto & Taniguchi*. The effect is attributed to a directional order 
produced by annealing. If the pseudodipolar type interactions are different 
between A-A, B-B and A-B atom pairs (A and B represent the components of the 
alloy in consideration), annealing in a magnetic field will induce an aniso- 
tropic arrangement of atoms. This is the directional order, which is frozen 
during the cooling process and produces an uniaxial magnetic anisotropy. 

ChikazumiS recently made precise measurements of this effect using single 
crystals of Ni3Fe. The magnetic field was applied in various crystallographic 
directions in the (110) plane during annealing and the anisotropy was measured 
at room temperature. The data can be easily analyzed to separate the uniaxial 
anisotropy from the other part. The dependence of the uniaxial anisotropy 
constant See on the direction of annealing field can thus be determined. 

The theoretical expression of the uniaxial anisotropy energy Ey; » accord- 
ing to Neel and Yamamoto & Taniguchi, is 


interatomic distance 
R=Diameter ord shell 


E ni= K, D)b34+ Ke Di BB tp (1) 
>) 
where £;'s are the direction cosines of the saturation magnetization, and 
the 7;'s are those of the annealing field. The theory gives wn 
Ko/K, = 4 


for a f.c.c. lattice, but Chikazumi obtained 8.5 instead of 4. In Fig.2 
curve A is the curve computed from the Néel-Yamamoto-Taniguchi theory white 
curve B is based on Chikazumi's empirical formula, using the value Ko/K = 
= 8.5. It will be seen that the latter fits the experimental data very ect 
The direction of the minimal uniaxial anisotropy does not generally oe 
incide with that of the annealing field. The angle AO between these two di- 
rections can be calculated from Eq. (1), using the value Ko/K, = 8.5. The - 
sult is in good agreement with experiment (PTecS). s aa - 


a 3 60 50° 


Fig.3. Variation of 49 (angle 

of deviation of the minimum K 
direction from 64) as a function 
of 64: A) curve based on the 
Neel-Taniguchi-Yamamoto formula, 
B) Chikazumi's empirical formu- 
la with Ko/K, = 8.5. Experi- 
mental points for cooling rates 
of o- 14°, a- 5° and v-1l 

per min. 


Fig.4. Domain pattern observed on 


the (110) surface of a rolled 
NigzFe single crystal. 
tion parallel to the 
tion. 


Roll direc- 
[100] direc- 
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Fig.2. Variation of the crystal anisotropy 
energy Ky and the uniaxial anisotropy K 
as functions of 6; (the direction of the 
magnetic annealing field relative to the 
crystallographic [100] direction): 
A) curve calculated according to the 
Neel-Taniguchi-Yamamoto theory, 
B) Kyy,; computed according to Chika- 
zumi's empirical formula using Ko/K, = 
= 8.5. 
Experimental points for cooling rates of 
©- 149, A- 5° and V- 1° per min. 


SS 


According to Chikazumi, the discrepan- 
cy between the 8.5 and 4 values for the 
ratio Kj/K, should be attributed to the 
existence of triangle nearest neighbors, 
the configuration characteristic of f.c.c. 
structure. This factor was not taken into 
account in the Néel-Yamamoto-Taniguchi 
theory. Its effect most probably is to 
increase the value of Ko. 


Anisotropy in NizFe single crystals 
produced by rolling 


Another interesting series of studies 
performed by Chikazumi is concerned with 
the roll-anisotropy effect. 

Isoperm, which is 50-50 Fe-Ni alloy, 
is well known for this effect. The mechan- 
ism of this effect has also been discussed 
by Née13 and independently by Yamamoto and 
Taniguchi?. They attributed this effect to 

a directional ordering caused by migration 
of atoms under the strong influence of 
stresses occurring during rolling. In 
order to clarify the nature of this effect, 
Chikazumi and Suzuki® made experiments 
using single crystals of Ni3Fe. 

In connection with their work they 
obtained the domain patterns on the (110) 
surface of NisFe single crystals rolled 
in the [100] direction. Fig.4 shows the 
domain pattern for 55.2% roll reduction. 
The magnetization was perpendicular to 

the roll direction. Slip bands were also 
observed. 

Chikazumi now suggests a new mechan- 
ism of the rolling effect. When the materi- 
al is rolled out in (110) plane along [100] 
direction, we have only two sets of (111) 
planes, out of a total of four, which will 
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Kn jr 107eré/em* contribute to the deformation as the slip planes. 
od Now suppose that there exists a certain degree 
of short range order before the process of rol- 
ling takes place. The slip will destroy the or- 
der between atomic planes on the two sides of the 
slip plane, whereas the order will remain unaf- 
fected in the slip plane. Since the slip occurs 
during rolling only in two sets of (111) planes, 
it leaves the short range order in the [110] di 
rection unchanged, but it destroys the order in 
the other directions. Consequently, an aniso- 
tropy in the directional order is thus produced 
by rolling. 

The dependence of the roll-anisotropy on 
the degrees of order present before rolling was 
examined in detail. It was expected that the 
roll-anisotropy would increase with increase in 


20 


10 


0 100 the degree of initial order. Actually, however, 

Roll reduction, % it was found that in the case of nearly perfect 
Fig.5. Uniaxial anisotropy order before rolling, the roll-anisotropy effect 
induced in an Ni3Fe single becomes smaller (Fig.5). 
crystal by rolling as a At first glance this might seen to he a 
function of the roll reduc- contradictory result. Actually it is not: in 
tion for various prelimin- a perfectly ordered crystal, the dislocations 
arey heat treatments. Rol- run in pairs so as to "keep" the order. Conse- 


ling in the [100] direction. quently, plastic deformation will, in such cases, 
Heat treatments: 1) cooling produce little effect on the directional order. 


in air, 2) annealing for 1 In the case of Isoperm, the rolling is 

hr at 490°, 3) complete carried out parallel to the (100) planes in the 
ordering, 4) quenching from [100] direction. The slip now takes place equal- 
700°. ly in four (111) slip planes. The idea of 


Chikazumi will also apply here and shows that the 
directional order will be produced in the [110] direction on (100) plane. Thus 
the effect in Isoperm may be interpreted by means of the same mechanism. 


Anisotropy of annealed cobalt-iron ferrites 


The last topic of this report is also related to magnetic annealing and 
directional order. It concerns the magnetic annealing effect in cobalt-iron 
ferrites. Williams, Heidenreich and Nesbitt’ inferred that the magnetic an- 
nealing effect in this ferrite is due to a preferential growth of precipitates. 
Iida, Sekizawa and Aiyama® in Kaya’s laboratory, however, point out that it 
is not so, but that the effect must be related to the presence of vacant sites 
in the crystal and perhaps to directional ordering of the cations around the 
vacancies. 

These investigators carefully studied the complex phase diagram of spinel 
and hematite?, They measured the oxidation and reduction of Fe,_.Coy04/3 at 
temperatures ranging from 900° to 1400°C. It was shown that tha spikeieenae 
is stabilized by the addition of Co. The oxygen pressure for the precipita- 
tion of hematite increases with increase of r, that is, the cobalt concentra- 
tion. These investigators found that cobalt-iron ferrite can be cooled down 
from 1400°C without any precipitation of the hematite phase if the oxygen 
pressure is controlled in such a way that it is always kept just below the 
critical pressure of the hematite-magnetite transformation. 
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Fig.6. Peak torque vs compo- 
sition curves for magnetic 
field-annealed iron-cobalt 
ferrite for different de- 
grees of oxidation. Curve 
(1) is the result obtained 
after annealing at 1000°C 


for several hours in high 


vacuum; (2) ,(3) ,(4) ,(5) , (6) 
and (7) are those after an- 
nealing further at 400° for 
4 hours successively in 
oxygen at pressures of 0.7, 
1.7, 6.5, 28, 160 and 765 

mm Hg; (8) after annealing 
further at 500°C in the 
oxygen at 763 mm Hg pressure. 
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Fig.7. Schematic illustra- 
tion of the configuration 
and symmetry of erystalline 
fields around a cation 
vacancy in a ferrite crystal. 


the most important factors in 


= LL9ts— 


Using this procedure Iida et al prepared 
a series of cobalt-iron ferrite samples, and 
performed x-ray studies and the conductivity 
measurements on them. There is no evidence 
of the occurrence of precipitation around 300°C, 
which is the effective temperature for the mag- 
netic annealing of this material. A slight 
change of the activation energy of conductivity 
was observed. But this should not be attributed 
to the effect of precipitation because it also 
occurs in magnetite. 

Iida et al found that the magnetic annealing 
effect is very strongly influenced by the degree 
of oxidation of the samples. When the samples 
are heated in high vacuum at high temperatures, 
the magnetic annealing effect completely disap- 
pears. It reappears when the samples are oxi- 
dized again. 

Fig.6 shows the anisotropy, expressed in 
terms of the maximum torque, produced in samples 
with different Co concentrations by annealing in 
a magnetic field. The different curves are for 
different conditions of oxidation. 

The result shows clearly that the magnetic 
annealing is more effective when the samples are 
more highly oxidized. There must therefore be 
cation vacancies in these crystals. Thus we may 
conclude that there is a close correlation be- 
tween the presence of vacancies and the effect- 
iveness of magnetic annealing. 

Incidentally, the decrease of anisotropy 
for high oxygen pressure as shown in Fig.6 for 
cobalt concentrations r = 0.083 and 0.167 is 
attributed to precipitation of the hematite 
phase. 

These investigators also made measurements 
of the relaxation process. A disc sample was 
cooled from 500°C down to a given temperature in 
a magnetic field and then kept at that tempera- 
ture. The sample was turned by 45° and the 
torque required to keep it in this orientation 
was observed over a period of time. The rate 
of decrease of the torque represents the relax- 
ation. The activation energy of this relaxation 
process was found to be about 1.4 ev, which 
should pertain to the process of atomic migra- 
tion. 

The conclusion drawn from these experiments 
is the following. The presence of vacancies and 
the presence of two cation components must be 
the magnetic annealing effect in ferrites. The 


atomic arrangement around a vacancy will be influenced by the applied magnetic 


field because the vacancy gives rise 
The cations A and B which have oriented spins in 


of the neighboring sites. 


to an anisotropy crystalline field at each 
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the direction of the applied magnetic field are influenced through spin-orbit 
interaction by such crystalline fields. The energy will differ for different 
arrangements of the two kinds of cations. Thus the atoms of one of the compo- 
nents will tend to take up positions next to the vacancies along the direction 
of the magnetic field, as illustrated schematically in Fig.7. 

This shows that the cobalt ion must be the more sensitive to magnetic 
annealing, since its ground state is orbitally degenerate. 
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ANISOTROPIC MAGNETIC CORES 
- P.Denes 


Compacted powder cores are used in order to reduce losses. In such 
cases it is generally necessary to settle for a relatively low effective mag- 
netic permeability. The effective permeability u,, depends primarily on the 
amount of insulating material in the core; the dependence is described by 


3 
en = D ? (1) 


where v is the fraction of the volume occupied by the insulating substance. 
This formula follows from Ollendorf's relationship 


_ 1+(e¢+1)[N(4— p)+ pl 
Ym ~~ T-Fu—DNG—p) ’ (2) 


where » is the permeability of the ferromagnetic particles, N is the demagnet- 
izing factor for these particles and p is the part of the volume occupied by 
the ferromagnetic material. Obviously, p+v= 1. Inasmuch as the demagnet- 


izing factor for a sphere N = 1/3, for cores compressed of spherical particles, 
we have 


mn oe I EP) 
m~ 3+ (u—1)(1— p) * (3) 


For p = 300 and »< 0.05, i.e., values encountered in practice, this ex- 
pression reduces to (1). 

The best permeability values are obtained with cores of permalloy. An 
initial permeability p = 300 (higher values do not substantially improve the 
effective permeability of the core) can be obtained by using binary Ni-Fe 
permalloy type alloys. In practice usually a third alloying element - chromium 
or molybdenum - is added for reducing the coercivity and increasing the resist- 
ivity. This leads to a reduction of the hysteresis and eddy current losses. 

The highest core permeability that can be found in industrial catalogs 
is of the order of » =120. A core of such material has the following charac- 
teristics: p= 120, w= 0.33-1073, bo = 4-1076 and te 7-10-3, where », is 
the hysteresis loss factor, », is the eddy current loss factor and p, is the 
aftereffect loss factor. The increases in resistance ensuing in this case 
are 1) R, —,LB/, due to the hysteresis loss, 2) R,=»,L/*, due to the eddy cur- 
rent loss and 3) R,=»,l/, due to the aftereffect loss. Here L is the induct- 
ance of the windings in henries, B is the maximum kinetic inductance during 
a magnetization cycle in gauss and fi is the frequency in cycles per sec. 

In texts? we find the following extreme values of core parameters: 

u = 125, p, = 0.21073, p,= 2.5°1076 and 4, = 4-1073, 

Can one increase the permeability of transformer cores without increasing 
the losses? Analysis shows that there are the following possibilities. 

1. Reduction of the relative volume of the insulating material. The mini- 
mal amount of insulating substance sufficient for complete insulation of the 
ferromagnetic particles in the case of modern insulating materials is about 
2% by volume. This represents a thin layer of the order of 10-4 mm uniformly 
surrounding the ferromagnetic particles; such layers of modern insulating 
materials are capable of withstanding the high pressures and heat treatment 
incident to the production of transformer cores. According to our experi- 
ments, some silicones are particularly suitable for insulation of permalloy 
powder cores in view of their excellent thermal stability. 
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2. Use of a ferromagnetic insulating material with a permeability pi. In 
this case the effective permeability of the core is given by 


1+(u—1)[N (1—p)+ 4 4p] 
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This relationship was obtained by calculation by the method of Ollendorf. If 


w i>: and v; is the relative volume of the insulating material, where 2 = 
=1—p,then for spherical ferromagnetic particles (N = 1/3), we have 


% + 3u;p (5) 


v. 


i = : 
t 
Whence for v,<0,1, we obtain 
tm = Be (6) 
a 

The permeability of such a core increases with weak insulation in propor- 
tion to the permeability of the insulating material. Thus even a nonconduct- 
ing ferromagnetic material with a susceptibility slightly greater than unity 
presents an appreciable advantage. This advantage can be utilized, however, 
only provided the part of the volume of the core corresponding to the insulat- 
ing material does not have to be increased more than the increase in 4. Thus 
the requirements that must be met by a ferromagnetic insulating material are 
very exacting: in addition to the usual specifications (ability to form a thin 
and strong insulating layer, stability under pressure and heat, etc.), we have 
the new requirements of a high permeability and low losses. 

Certain ceramic substances could in principle be used as ferromagnetic 
insulating core materials, but here we encounter a practical difficulty con- 
nected with the fact that the sintering conditions (temperature and atmosphere) 
necessary for obtaining good ferromagnetic ceramic materials differ from the 
conditions of heat treatment indicated for ferromagnetic metals. 

3. Improvement of the basic ferromagnetic material. In principle, in- 
creases in permeability could be obtained by improving extant ferromagnetic 
materials. Thus, for example, by increasing the resistivity of the alloy we 
could obtain the same eddy current loss factor with less insulation, which 
would result in an increase in permeability. 

To this end we experimented with Ni-Fe alloy powders. As is known the 
use of tin as an alloying element increases the resistivity of iron or nickel 
to a far greater extent than the addition of chromium or molybdenum. Thus, 
for example, the addition of 2% tin increases the resistivity of iron to 30 
microohm-cm, while to obtain the same resistivity one must add 5% chromium 
or 10% molybdenum. 3 Replacement of molybdenum in Ni-Fe-Mo alloys by tin 
yields a 20-50% increase in resistivity. 

The use of stanniferous permalloy powder for the fabrication of cores 
has certain technological advantages. Tin reduces the coercivity and conse- 
quently the hysteresis loss as compared with the binary permalloy. A thin 
layer of tin dioxide forms on the surface of stannous permalloy particles; 
this layer persists even after heat treatment in a reducing atmosphere and 
prevents the particles from coalescing. Furthermore, this dioxide coating 
facilitates the formation of a uniform thin insulating layer. 

Tests in our laboratory yielded the following characteristics for stan- 
nous permalloy cores: p= 140, qa = 0,25-10°3, f= 2-10 % “and “po= 5-103. 

4. Use of geometrically anisotropic ferromagnetic particles. An appreci- 
able increase of the effective permeability is theoretically possible with 
the use of geometrically anisotropic particles in forming the cores. The 


tal 
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permeability of a core consisting of geometrically isotropic particles or of 


uniformly distributed geometrically anisotropic particles is the same in all 
directions. In the latter case the permeability value is the mean one, that 
is, it is the average value for the different permeabilities of the small con- 
stituent particles. It follows that if the geometrically anisotropic particles 
could be aligned in the same direction, the permeability in different direc- 
tions would be different; consequently, there would be some one direction in 
which the permeability would be greater than the mean value. 

Calculation of the effective permeability of a core comprised of oriented 
geometrically anisotropic particles is highly complicated and, consequently, 
we must introduce certain simplifications. Let us assume that the permeability 
of the principal ferromagnetic material is greater than 200, so that we can 
neglect 1/u compared with 1, the permeability of the insulating material. 
Further, let us assume for simplicity that the lines of force inside the ferro- 
magnetic particles are rigorously parallel to the field and that the lines of 
force in the insulating material always follow the shortest path. Let us also 
assume that the relative volume of the insulating material in the cores is less 
than 0.05 and that consequently we can neglect the lines of force parallel to 
the longitudinal direction in the insulating material, i.e., the lines of force 
in the insulating material parallel to the surface of the ferromagnetic parti- 
cles. 

We calculate the effective permeability of the core from the permeance. 
Let us assume that the core is composed of isotropic particles consisting of 
ferromagnetic cubes with an edge length A, covered with insulating material 
in the form of plates of thickness d/2 (Fig.1). Then the lines of force in- 

duced by the extern- 


al magnetic field 
7 bet -Caaw 9 3200. will traverse a 
id A length A in the 
a abe ferromagnetic materi- 
al and a length d 
in the nonferromag- 
Fig.1. Relative dimensions Fig.2. Dimensions of a netic insulating 
of cubic ferromagnetic ferromagnetic particle material. The 
particles and the insulat- after rolling out a cubic lengths are addi- 
ing material comprising particle with reduction of tive and the total 
the core. one of the edges by a reluctance in ac- 


factor of 7. cord with our 
simplifying assump- 
tion (i.e., neglecting the lines of force parallel to the plane of the plate 
in the insulating material) will be given by 
At+d A 


d 
Don Serhan Ee 


where pm, is the effective permeability of the core, » is the permeability of 
the ferromagnetic material and 1 is the permeability of the nonferromagnetic 
insulating material. In view of the fact that the insulating layer thickness 
is very small as compared with the cube edge, we can write At dz4A, and there- 
fore aed 
plese ity £08 T © (7) 

U 


The volume of the ferromagnetic particles is A®; the volume of the insulation 
blocks is 3A? d. Then the relative volume of the insulating material is 
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3d 
ome Ais (8) 
Then from (7) we have 
5} 
ce apa (9) 


which is identical with (1). 
Now let us see what happens if the ferromagnetic particles are geometrical- 
ly anisotropic. Let us assume that we have rolled out our cube, reducing one 
of the edges by a factor of n to obtain a rectangular parallelepiped; its edges 
will be equal to A/n, B and B (Fig.2). The volume will obviously be the same: 
AS eee 


nr 
whence 


B=AYn. 


The thickness of the insulation on each face remains d/2,inasmuch as according 
to our premises this is the thickness necessary for complete insulation regard- 
less of the shape of the ferromagnetic particles. In this case the volume of 


the insulation per particle will be <- (287 +4) and the relative volume of 
the insulating material will be 


3d —l2 
er eee (10) 


Obviously, for obtaining the same insulating effect in the case of "rolled 
out’ parallelepiped particles, we will need o times more insulating material: 
et See (11) 
v 3 
If the direction of the external field is aligned with that of one of the 
edges, the effective permeability of a core comprised of a rigorously aligned 
arrangement of parallelepipeds will be 


‘ 


B i. 
Bin = = Bm V2. (12) 


Consequently, the theoretical increase in permeability resulting from the use 
of aligned geometrically anisotropic parti- 
cles will be very great, i.e., in the ratio 
1:Vn. The practical difficulties, however, 
in the way of realizing such an improvement 
are appreciable: first, the anisotropic 
particles must be true parallelepipeds and, 
second, the alignment of these parallele- 
piped must be virtually perfect. 

Inasmuch as any departure from perfect 
alignment will have a strong effect on the 
effective permeability, let us investigate 
Fig.3. Diagram of a core with this question theoretically. To this end 
an ideal texture, i.e., a core let us first calculate the permeability of 
consisting of a spatial network a core with an ideal texture in different 
of perfectly aligned, uniformly directions, i.e., at an arbitrary angle q@ 
spaced parallelepiped particles. to the direction for optimal permeability 


wy 
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_ (ig. 3). In accord with our previous assumption the lines of force in the 
‘ferromagnetic particles will be at an angle q@ with the optimal direction and 
will be perpendicular to the planes of the insulating layers in the insulating 
material. Thus, the path length of the lines of force after traversing s verti- 
cal insulating plates will be sB/cos«,if we neglect the lengths of the path in- 
tercepts in the insulating material as compared with the path lengths in the 
ferromagnetic particles. Over this distance the lines of force will traverse 
h horizontal insulating layers. Consequently, the path length of lines of 
force in the insulating material will be (hk +s) d. We thus obtain the follow- 
ing approximate expression for the effective permeability 


B,/ cos a Lin ‘ 


et hese a. 


cosa A+s 


If we take a sufficiently large number of particles, i.e., take s sufficiently 
large, the error resulting from our assumptions will be small; then setting 


he 
2 San me (13') 
we will have 
h = sn82 tg «. (14) 
Consequently, 
tm (15) 


nig. Sah Saas erp ea 
cosa + a’“sing 


If a = 0°, then from (12) we obtain: 


9 = ft, 
while if a = 90°, then 


By fe 
Yeo = — =—, (16) 


Eq. (16) can, of course, be obtained by taking the length of the magnetic flux 
path in the ferromagnetic material to be A/n and in the insulating material d. 


Expression (15) can be used to calculate the effective permeability of 
a core composed of nonaligned geometrically anisotropic ferromagnetic parti- 
cles. If we assume for example that the probability of orientation of the 
anisotropic particles is the same in all possible directions, the effective 
permeability will be 


(0) T 
~ eee g dy, ($+) 
Dem aaa ater Ee 


, (17) 


a 
8 . 
" cos ++ n?sin x tg 


where ' 
9 = arctgn—s. 


For cubic particles, 7 = 1 and tm = 0,91 ps thus disordered orientation 
of cubical particles leads even theoretically to a small reduction of the 
permeability as compared to the case of an ordered arrangement of the cubes. 

The curve of Fig.4 shows how rapidly the effective permeability of a 
core consisting of randomly oriented geometrically anisotropic particles de- 
creases with increasing 7” (Fig.2); the thickness of the insulation in each 
case is assumed to be the same and equal to d/2. In the case of a disordered 
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arrangement, particles of symmetrical shape also give 


IE the best result. , 
It must be emphasized that the above result is 


t obtained on the assumption that the thickness of the 
insulation is constant. On the other hand, if we 
assume that the relative volume of the insulating 
material is constant, then from (17) and (11) we 

ae obtain 
~ ‘ te (4 ss 
Ym 2 nh+2 sino In Sl aR pa) (19) 
U 714 3 e 2 
5 0 
@ In the region of 7 = 1 to 5, the right side of 
Fig.4. Dependence of (19) differs little from unity. Consequently, formula 
the effective perme- (1) holds for strongly anisotropic (i.e., greatly 
ability of a core of elongated) ferromagnetic particles, but in this case 
rolled out particles one must generally use more insulating material. 
separated by an insu- It may be concluded from the above analysis 
lating material on that an attempt to use geometrically anisotropic 

the factor n, i.e., particles is justified only provided they can be 

the factor by which aligned with fair accuracy, for in the case of ap- 

one of the edges of preciable directional scattering (misalignment) the 

the initial cube is use of elongated particles may prove disadvantageous. 
reduced by rolling. Let us designate the limiting misalignment angle 


by » and assume for the sake of simplicity that all 
particle orientations between +, and —b are equally probable. 
Then the effective permeability will be given by 


fim(}) = > Ww, Sin @ In 


ae (20) 
Q 


Let us introduce the notation z= If z is not too large, for example, if 


6 |-~ 


Z<n and the angles (e+ vy2 and @ do not exceed 20°, we can with fair approxi- 
mation write 
sin © 


esi and tg 25? ~ (2 +4) tg 2. 


Substituting these approximations in (20), we obtain 
~ - ] 
Pm (P) & Br, ma ita *h (21) 


From this equation we can determine the allowable bounds for o. The 
curves given in Fig.5 show the variation of L,/ bm as a function of 0 for dif- 
ferent values of n. It will be seen from the curves that the allowable bounds 
for the misalignment angle are of the order of 15-20°. If the "scattering" is 
greater, the effective permeability will be smaller than for a core composed 
of geometrically isotropic particles of the same thickness of insulation. 

Thus the use of geometrically anisotropic particles is advantageous only 
within a rather narrow range of "scattering" angles. Technologically the neces- 
sary alignment may be achieved either by mechanical or magnetical procedures 
The theoretical values shown in Fig.5 are, of course, realizable only when the 
ferromagnetic particles are in the form of regular parallelepipeds and are uni- 
formly aligned. One may approach this ideal condition by means of appropriate 
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technological procedures, for example, by re- 
peated compressing. According to our studies 

one can increase the effective permeability by 
30% by inducing alignment of ordinary commer- 

cial permalloy particles having a geometric aniso- 
tropy factor n= 2. One can also artificially 
increase the anisotropy factor of the particles 
by repeated rolling with intermediate anneals. 


5 10 15 20° 9 Using such geometrically anisotropic particles, 
we were able to obtain in the laboratory cores 

Fig.5. Variation of the with an effective permeability of the order of 

relative effective perme- 200 and normal loss values. Through improved 

ability of a core composed technology it should be possible to bring the 

of geometrically aniso- experimental values closer to the theoretically 

tropic particles as a possible ones. 

function of the angle In cores consisting of aligned, geometrical- 
of misalignment for dif- ly anisotropic particles, the hysteresis losses 
ferent values of 7. are somewhat greater than tke hysteresis losses 


in cores of geometrically isotropic particles. 
The reasons for this are, first, that the coercive force in regular, geometric- 
ally anisotropic particles is greater than in symmetric particles and, second, 
that in the case of large geometric anisotropy factors the length of the short- 
est edge of the parallelepiped is so small that the coercive force is appreci- 
_ably increased due to decrease in the size of the domains. This increase may 
be as much as 100% with A/n 1073 mm and n = 10. 

The shape of the particles has little effect on the aftereffect loss. In 
our experiment we were not able to detect any difference (within the limits of 
the experimental error) in the aftereffect loss in grains with different geo- 
metric anisotropies. 

More significant is the influence of alignment on the eddy current loss. 
This loss factor according to Kornetzki & Weis* is 


rv 
p= kd, 


where k is a constant dependent on the shape, pi, is the effective permeability 
of the core, p is the resistivity of the ferromagnetic metal and d is the size 
of the particles measured normal to the lines of force. For spherical parti- 
cles k = 1.25; for plates, * = 4.13. For perfectly aligned particles d= A/n 
and, consequently, 


fe 418 ae (22) 


? 


whence, invoking (12) we have 


4,13 


The eddy current loss for a core of geometrically isotropic particles is 
he = 2 AP. (24) 
9 


If the particles have a geometric anisotropy factor n and are all perfect- 
ly aligned, the eddy current loss factor is decreased by 
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UN =n oeTime (25) 
The factor 3.3 is, of course, valid only for large values of n, inasmuch as for 
strongly anisotropic plates #4 increases from 1.25 to 4.13. The reduction of 
the eddy current loss factor can be very appreciable: thus for n= 10 from (25), 
we obtain in the case of perfect alignment w, = 0.1. 

If, on the other hand, the particles are not perfectly aligned but devi- 
ate from the optimal direction with equal probability by different angles up 
to +, (23) reduces to the following form, provided z }1: 


os y 
Tw eee nual ay) ee 


ea 26 
, n® a) cos? x” (48) 
0 
From this, taking into account (20) and (24), we obtain 
ety 
ted 19D 
we(v) = SE rset sin 9-In ar" (27) 
Utilizing the approximations from (21), we can simplify (27) to 
wel}) 3,3-n—92 DEED) (28) 


Juxtaposition of Eqs.(21) and (28) shows that even for "scattering’ angles 
® for which yp, (v)=p,, & we(») = 3,3f/n. The eddy current losses decrease for 
highly geometrically anisotropic particles even in the case when due to im- 
perfect alignment their permeability is smaller (rather than greater) than 
that of a corresponding core of geometrically isotropic particles. 
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CHARACTERISTICS OF TECHNICAL MAGNETIZATION IN 
GRAIN-ORIENTED FINE POWDER SPECIMENS 
- Ia.S.Shur, E.V.Shtol'ts & G.S.Kandaurova 


1. Correlation between the magnetic properties and the size of ferromag- 
nets has been observed by a number of investigators!. In particular, it has 
been noted that in the case of powdered paramagnetic materials reduction of 
the particle size leads to an increase of the coercive force. It is natural 
to assume that this change in properties is connected with changes in the mag- 
netic structure of the ferromagnet. From theoretical considerations Frankel' 
& Dorfman“ predicted the existence of a critical size below which fragmentation 
of the material into domains becomes energetically disadvantageous, i.e., of 
a critical size below which all the powder particles must necessarily be single 
domain formations. Until now, however, we have had no detailed information on 
the domain structure of particles in the region of approach to critical size. 
There can be no doubt that the presence of a transition (from multiple to single 
domain) magnetic structure must be manifested in the magnetic properties of 
the material. 

The purpose of our work was to investigate the distinctive features of the 
magnetic properties of ferromagnetic powders in this dimensional region. We 
chose a magnetically uniaxial Mn-Bi alloy for our study. Of all the ferromag- 
netic materials investigated to date, this alloy has the highest anisotropy 
constant at room temperature? (K 107 erg/em). One can artificially produce 
an appreciable anisotropy of the magnetic properties in powders of this alloy‘, 
which makes it possible to bring out more clearly the distinctive features of 
the magnetic structure of powders of different degrees of coarseness. 

2. The manganese-bismuth alloy was prepared by sintering an appropriate 
mixture of powdered manganese and bismuth at about 300° and in the bulk had 
a coercive force of the order of 1000 oersted. The prepared alloy was crushed 
and pulverized mechanically and the resultant powder separated into a number 
of fractions by sieving. The mean particle diameter of the different fractions 
varied from 1 mm to a few microns. The magnetic properties were measured by 
the ballistic throw method on specimens in the form of discs. Magnetic texture 
(grain-orientation) was realized in the following manner. The powder fraction 
was thoroughly mixed with an appropriate binder and the mixture placed between 
the poles of an electromagnet; since setting occurred in the magnetic field, 
the particles were fixed in their field-oriented positions. 

3. It was found that an appreciable change in the magnetic properties oc- 
curred with decreasing grain size of the Mn-Bi alloy particles. The curves 
of Fig.1 show the variation of the coercive force with the powder particle 
size for isotropic samples (curve 3) and textured samples (curve 1 for 9 = Oe 
and curve 2 for 9 = 90°, where @ is the angle between the direction of the 
magnetic field during preparation of the sample, i.e., the texture axis, and 
the direction of the magnetic field during measurement). As may be seen the 
coercive force in textured samples with @ = O and in isotropic samples in- 
creases with decreasing particle size very appreciably, while the coercive 
force of textured samples with 9 = 90°, on the contrary, decreases with de- 
creasing particle size. An appreciable anisotropy of the coercive force is 
observed in samples of fine powders. Thus in the case of the sample EGU 
of particles with a mean diameter of 6 the coercive force in the*0"="0> di- 
rection is 13,200 oersted, while in the 9 = 90° direction the coercive force 
is only 500 oersted. 

Fig.2 shows the magnetization curves (after demagnetization with an alter- 
nating field at -~195°) and the hysteresis loops obtained for samples of 9 yu 
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100 20050 
aay 
Fig.l. Variation of the coercive Fig.2. Magnetization curves and 
force with particle size: 1) tex- hysteresis loops obtained for a 
tured sample with ~ = Ow, 2) with textured specimen of 9 u particles: 
@ = 90°, 3) isotropic samples. 1), np $=f0° 9 2)ee= B902- 


diameter particles with @ = 0° and Ci 90°. As may be seen from the figure, 
in the case of magnetization in the direction of the texture axis (curve 1) 
saturation magnetization is attained in a field of about 300 oersted. In 
the case of magnetization at 90° to the texture axis (curve 2) a far stronger 
field is needed to attain saturation; in a field of 20,000 oersted the rela- 
tive megnetization J/J, amounts to only about 0.5. There is also observed a 
pronounced anisotropy of the hysteresis loops; in the case of magnetization 
along the texture axis (@ = 0°) the area of the hysteresis loop is maximal, 
the remanence equals the saturation magnetization and the coercive force 
equals 11,000 oersted. In the m = 90° case the area of the hysteresis loop 
is minimal, the relative residual magnetization Jp/J, equals 0.03 and the co- 
ercive force is 700 oersted. It should be emphasized that with @ = 0°, the 
field in which saturation magnetization is attained is appreciably (3-4 times) 
lower than the value of the coercive force. 

T/J Hereinafter we give only the results obtained 

= in magnetizing the specimen along the texture axis, 


ce 1 Garncth: 30°, 
(5000 | 075 The dependences of the relative magnetization, 
the residual magnetization and the coercive force 
ou! 05 on the magnetizing field for specimens of 9 u 
particles are shown in Fig.3. It will be seen 
ee from the curves that the magnetization attains’ 
d saturation in a field of 3000 oersted; in the 
same field the residual magnetization amounts to 
” G00 00 ON ana only 25% of its maximum value and the coercive 
H. Op force to only a few percent of its maximum magni- 
Fig.3. Variation of the tude. 


With increasing strength of the magnetiz- 
ing field the remanence and coercive force in- 
2) remanence, and 3) co- crease; these parameters attain their maximum 
ercive force with the values after magnetization in a field of about 
magnetizing field paral- 18,000 oersted. 

lel to the texture axis 
(p = 0°). Particle size 
ee (ie 


1) relative magnetization, 


Fig.4 shows the downward part of the hystere- 
sis loop and the return curve obtained for a 
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Fig.4. Descending branch of the hystere- 


sis loop and return curves (~ = 0°). 
Particles size 9 ui. 


Fig.6. Diagram of demagnetization by 
means of a reverse field (solid line) 
and the corresponding magnetization 
curve (dash line). 


0 500P 10000 = 16000 )~=— 20000 
H (lp 


Fig.5. Magnetization curves with 
the field aligned with the texture 
axis (p = 0°): 1) after demagnet- 
ization with an alternating field 
at -195°, 2 & 3) after demagnetiza- 
tion by a reverse constant field 


at room temperature (see Fig.6 and 


accompanying text). Powder parti- 
cles size 295 u. 


specimen composed of 9 diameter 
particles. It will be noted that 
the return curves are distinctive 
in that with decreasing field the 
magnetization remains constant over 
an appreciable field interval. 

Thus in the case of curve 1, for 
example, where the initial magnet- 
ization is very small, reduction 


of H by a factor of 2 produces virtually no change in magnetization; a notice- 


able increase in magnetization is obse 
negative field. Curves of analogous s 
tive initial magnetization (curve 2). 

In Fig.5 are shown the magnetiza 


rved only with further decrease in the 
hape are obtained in the case of nega- 
The return curves are fully reversible. 
tion curves for a specimen of 25 » mean 


diameter particles after demagnetization by an alternating field at liquid 
nitrogen temperature (curve 1) and by a reverse constant field at room tempera- 


ture (curves 2 & 3). Magnetization procee 


ds most easily after demagnetization 


by means of an alternating field. In the case of demagnetization by a reverse 
constant field the shape of the magnetization curves depends on the direction 


(polarity) of the demagnetizing field Hy 


relative to the field H in which the 


magnetization curve is recorded. Two ways of attaining the demagnetized 


state by means of a constant field are 


illustrated schematically in Fig.6. 


When the field H, and H are opposite in direction, i.e., when the demagnetized 


state was obtained by the process illustr 
process occurs easily. The field in whic 


ated in Fig.6 a, the magnetization 
h saturation magnetization is at- 


tained in this case is only somewhat higher (curve 2, Fig.5) than when the 
sample is demagnetized by means of an alternating field (curve 1, Fig.5). If 
the fields Hp and H are of the same polarity, i.e., if the demagnetized state 
was reached by the procedure jllustrated in Fig.6 b, the magnetization process 
is hindered (curve 3, Fig.5); the magnetization curve has a step like shape 


and the initial part of the magnetization curve co 


incides with the return curve. 
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The distinctive features | 
of the process of technical 
magnetization of fine powder | 
specimens can be explained if 
we assume that the magnetic 
structure of the individual 
particles changes in a con- 


C1) sistent manner with decreas- 
ing grain size. Presumably 
a b C a sufficiently large particle 
Fig.7. Domain structure of particles of dif- is characterized by the multi- 
ferent size: a) multiple domain structure ple domain structure peculiar 
characteristic of large particles, b) transi- to magnetically uniaxial 
tion structure, c) single domain structure. ferromagnets. Such a struc- 


ture has, for example, been 
observed by Andrd° in cobalt crystals. In this case (Fig.7 a) in the demagnet- 
ized state the particle consists of a series of principal domains with 180° 
walls and dagger-shaped closure domains, whose magnetization is antiparallel 
to the magnetization of the principal domains. With decreasing particle size, 
the multiple domain structure becomes energetically disadvantageous, so that 
ultimately the smaller particles consist of only one principal domain with a 
number of closure domains along their edges (Fig.17 b). 

Some of these closure domains in ferromagnets may, as in the case of soft 
magnetic materials®, serve as nuclei of reverse magnetization. Consequently, 
the conditions of formation, growth and annihilation of closure domains should 
play a significant role in technical magnetization processes in ferromagnetic 
materials. That such a domain structure does exist in small particles is sub- 
stantiated by our observations by means of powder patterns of the domain struc- 
ture of small formations of the Mn-Bi alloy. ? Finer powder particles should 
presumably have the single domain structure illustrated in Fig.7,c; in view of 
this, in such particles the process of reversal of magnetization can be realized 
only by irreversible rotation of the magnetization vector. 

The magnetic behavior of our powder specimens can be explained if we as- 
sume that most of the powder particles comprising our specimens are character- 
ized by the transition structure illustrated in Fig.7 b. If the powder is de- 
magnetized at liquid nitrogen temperature, i.e., in the region where the aniso- 
tropy constant is very small,3 a multiple domain structure is produced and the 
process of magnetization along the texture axis occurs as a process of dis- 
placement of the 180° walls accompanied by reduction of the volume and final 
elimination of the closure domains. The process of wall displacement occurs 
most easily (with the least expenditure of energy) and hence the particles are 
magnetized virtually to saturation in relatively weak fields (Fig.2). Apparent- 
ly, a few closure domains persist, however, and these;upon removal of the field, 
play the part of reverse magnetization nuclei with the result that we observe 
a large value of the residual magnetization and coercive force (partial hystere- 
Sis cycle). The closure domains are fully eliminated only in relatively strong 
fields and then the maximum values of the remanence and coercive force are 
attained (Fig.3). Reverse magnetization of such a closure-domain-free particle 
may occur either through irreversible rotation of the magnetization vector or 
through creation and growth of nuclei. In both cases the expenditure of an 
appreciable magnetic-field energy will be necessary for realization of reversal 
of magnetism, which explains the high value of the coercive force observed in 
such cases (Fig.2). If, however, such reverse magnetization nuclei are already 
created in negative fields, they apparently persist through a certain reduction 


ss 
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of the negative field. This explains the invariance of the magnetization along 
the initial parts of the return curves (Fig.4). On the other hand, in weak 
negative fields and particularly in positive fields the closure domains begin 
to decrease in volume, so that in such cases the magnetization curve (curve 2, 
Fig.5) rises fairly steeply and differs little from the magnetization curve 
after demagnetization at -195° (curve 1, Fig.5). On the contrary, when the 
direction of the magnetizing field is parallel to the magnetization vector of 
the closure domains (curve 3, Fig.5, when the fields H, and H coincide in di- 
rection) the magnetization occurs through the growth of reverse magnetization 
nuclei and appreciably stronger magnetic fields are necessary for attainment 
of saturation magnetization. 

Thus from the magnetic behavior of fine, high coercivity powders we may 
infer the existence of a transition magnetic structure in particles somewhat 
above critical size. In such particles in addition to the principle domains, 
there exist closure domains. Under certain circumstances these closure domains 
may vanish and then the process of reverse magnetization will occur in the same 
way as in single domain particles. Under other conditions, these closure do- 
mains may play a significant role in the process of technical magnetization. 
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INVESTIGATION OF DISSOCIATION IN AN Ni-Be ALLOY 
- N.N.Buinov, L.I.Podrezov & M.F.Komarova 


In a number of investigations of high coercivity alloysi-3 the magnitude 
of the coercive force is related to the internal stresses. Hence experimental 
clarification of the role played by stresses in determining the magnitude of 
the coercive force is of interest particularly where development of the theory 
of coercivity is concerned. 

The role of stresses can be elucidated by investigation of the structure 
and measurement of the properties of ferromagnetic alloys such as Ni-Be, 
characterized by rapid aging and strong ordering. In the present work we in- 
vestigated the aging of the Ni-Be alloy containing 1.9% Be. The phase trans- 
ition in this alloy is accompanied by a large volumetric change, unusually 
strong ordering, considerable changes in the magnetic properties and segrega- 
tion of a nonferromagnetic B-phase. The magnetic properties of this Oe 
have been investigated by Gerlach?#, its structure has been studied by Lay~. 
These investigations show that the initial stage of dissociation in the alloy 
is homogeneous in character, while the later stages are heterogeneous. These 
investigators, however, did not establish any correlation between the coercive 
force and ordering and the structure of the alloy. 


Experimental procedure 


The alloy used in our investigation was prepared by melting in a high fre- 
quency vacuum furnace in the Laboratory of Precision Alloys headed by G.V. 
Gaidukov. According to the chemical analysis data, in addition to the Ni and 
the 1.9% Be, the alloy contained the following impurities: 1.25% Fe, 0.12% Al, 
0.16% Cu, 0.15% Si and traces of Mg. After solidification of the melt, the 
alloy was subjected to hot working (forging) followed by a homogenizing anneal 
for 15 hours at 1100°. The structure of the alloy was investigated by means 
of an electron microscope by the method of oxide replicas” and by means of 
x-rays, using both the coarse-grain sample procedure?’ and back reflection®. 

In addition we measured the coercive force, the saturation magnetization, the 
hardness and the microhardness. 

The specimens for the electron microscope investigations, for measurements 
of the hardness and coercive force and determination of the lattice constant 
by the back reflection technique measured 8 x 6 x 4 mm. In some cases the 
same samples were used for obtaining the x-ray patterns by the coarse-grain 
sample procedure. For the most part, however, the samples for the latter pur- 
pose were in the form of cylinders 0.3 mm in diameter and consisted of indivi- 
dual grains having a size of 0.1-0.3 mm. 

To allow of direct correlation of the magnetic properties with the struc- 
ture, we prepared a cylindrical sample 3 mm in diameter and 50 mm Long 5A 
one end this sample had an extension 2 mm in length and 0.5 mm in diameter. 
This extension served for obtaining the x-ray diffraction patterns at differ- 
ent stages of aging of the alloy at 500°. The coercive force, saturation mag- 
netization and microhardness of this sample were measured at the different 
stages. The alloy was subject to aging at temperatures of 425, 500, 600 and 


fe) : 
650° for different lengths of time. All measurements were performed at room 
temperature. 


Results 


The x-ray patterns of the initial hardened alloy show clear Laue spots 
and a few very weak two-dimensional diffraction effects. The latter may be 


Fig.l. X-ray pattern of Ni-Be alloy sample aged 
at 425° for 3 hours 35 min (Ni radiation). 


Fig.2. X-ray pattern of Ni-Be alloy sample aged 
at 500° for 58 hours. 


regarded as proof of in- 
complete strain harden- 
ing of the alloy. This 
follows from the fact 
that these effects be- 
come more intense with 
aging and are analogous 
to the effects produced 
by subsequent aging. 
Short period aging of 
the quenched alloy, for 
example,for 15 min at 
4259, already leads to 
the appearance of anoma- 
lous two-dimensional ef- 
fects in the x-ray pat- 
terns. The intensity 
of these defects as well 
as the hardness of the 
alloy rapidly increases 
in the initial stages 
of aging, while the in- 
tensity of the Laue spots 
decreases (Fig.1). The 
Laue spots, without 
changing size, fade out 
almost entirely after 
aging of the alloy for 
4 hours at 425° or 1-2 
hours at 500°, No ap- 
preciable change in the 
intensity of the anoma- 
lous effects is observed 
at the stages of aging 
yielding the greatest 
hardness of the alloy; 
the coercive force also 
remains unchanged. 

When the alloy as 
a result of aging attains 
maximum hardness, the 
x-ray patterns exhibit 
anomalous two-dimensional 
effects and in some cases 
linear effects in the 
form of bridges connect- 
ing neighboring two- 
dimension refraction 
spots and weak inter- 
ference rings associated 


with the solid solution. No Laue spots are discernible in the x-ray patterns 


of such maximum hardness samples. 


Further aging of the alloy, leading to reduction of its hardness, is ac- 


companied by an increase of the coercive force, 


diffusion and weakening of the 
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anomalous effects, an increase in the in- 


4ICL; Wee tensity of the solid solution interference 
Sg | 6S : _ ; 
ao | rings and the appearance of rings associated - 
300 with the B-phase. After aging of the alloy 
to the point where the coercive force is 
0 maximal, the anomalous effects in the x-ray 
patterns disappear entirely and only intense 
4/00 interference rings associated with the solid 
solution and the B-phase are observed (Fig. 2) 
It should be emphasized that the above 
fog Woo results were obtained in x-raying both thin 
t, hours (0.3 mm) specimens and the massive samples 
Fig.3. Variation of the satura- intended for electron microscope observation 
tion magnetization (413 5) ; the and magnetic and hardness measurements. 
Brinell hardness (Hp) and the Curves showing the variation of the 
coercive force (Hc) with the Brinell hardness, the coercive force and the 
aging time at 500°. saturation magnetization with the aging time 


at 500° are shown in Fig.3. The 

Time required by the Ni-Be alloy to reach times to attainment of maximum 
maximum hardness and maximum coercive force hardness and maximum coercive 

at different aging temperatures force at different aging tempera- 
tures are listed in the accompany- 
ing table. It will be seen that 
in all cases of aging, peak hard- 
ness in the alloy is attained 
earlier than the maximum coercive 
force. 

Analysis of the anomalous 
two-dimensional diffraction pat- 


Time to attain peak 


temp. 


coercive force 


Maximum not reached 
after 105 hours 


500 70 hours tern leads to a value of a= 
= 3.484 A for the reciprocal lat- 
600 3 hours tice of the supersaturated solid 
solution, while from the inter- 
650 Not established ference rings we obtain a = 3.510 


A for the lattice constant of the 
beryllium-poor solid solution. The extent of the anomalous scattering regions 
does not very with temperature or aging time. The diameter of the rod-like 
regions of anomalous scattering increases with increasing distance from the 
reciprocal lattice sites of the solid solution, whereas according to commonly 
accepted concepts? the opposite effect should obtain. 

Roundish or somewhat elongated light spots with dimensions of the order 
of 50 A are observed in the electron microscope photographs of both freshly 
quenched and aged specimens that have not yet attained maximum hardness (Fig. 
4). The elongated spots sometimes form a pattern reminiscent of the Widman- 
statten structure. We have not been able to determine whether these light spot: 
are due to Be-enriched zones or are associated with the structure of the oxide 
film forming on the surface of the sample. 

New boundaries resembling fracture cracks form inside the grains in some 
sections of the alloy as a result of aging leading to the maximum hardness of 
the alloy at the given temperature (Fig.5). These crack-like lines also bear 
a certain resemblance to the block boundaries observed to form as a result of 
deformation at elevated temperatures in aluminuml9 and zinctl, with further 
aging of the alloy, there appear in it areas with a structure reminiscent of 
perlite (Fig.6). When the aging alloy has reached the state of maximum co- 
ercive force, these areas generally occupy at least 90% of the surface. 
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- Fig.4,. Electron microscope photograph 
of Ni-Be alloy aged at 425° for 4 hours. 


M 21,000 x. 


Fig.6. Photograph of Ni-Be alloy 


aged 5.5 hrs. at 500°. M 21,000 X. 


Fig.5. Photograph of Ni-Be 
alloy quenched from 1100°%. 
M 21,000 x. 


Inasmuch as there are lines associated 
with the B-phase in the x-ray patterns 
corresponding to this stage of aging, 
it may be assumed that the perlite 
structure is formed by numerous B-phase 
lamillae alternating with the solid 
solution. The areas with plates ar- 
ranged in the same direction measure 
about 1-2 up. This is also probably 
the approximate size of the solid solu- 
tion crystals yielding the continuous 
interference rings on the x-ray pat- 
terns. The B-phase plates have a length 
of 0.1-0.5 up. The separation between 
them varies from 0.05 to 0.2 i. 

A regular Widmanstatten structure 
was observed only after slow cooling of 


the alloy. 


Discussion of the experimental results 


Aging of the Ni-Be alloy begins 
with the formation in it of Heine- 
Preston zones enriched with beryllium 
and having a distorted matrix lattice. 
This is evinced 1) by the presence in 
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the x-ray patterns of anomalous effects associated only with the reciprocal 
lattice of the supersaturated solid solution and 2) by the invariance of the 
lattice parameter of the solid solution during the initial stages of eee 
(according to Lay”). At this stage there develop in the alloy elastic distor- 
tions that are responsible for the anomalous effects observed in the Atay, 
patterns. The disappearance of the Laue spots and the widening of the dianetes 
of the rod-like areas of anomalous dispersion towards their ends (i.e. , with 
increasing distance from the reciprocal lattice sites) may be regarded as proof 
that the alloy is fragmented into blocks that are elastically compressed or 
elongated and but little disoriented relative to each other. 

Insofar as the coercive force of the alloy remains virtually constant 
during the first stage of dissociation, it may be assumed that the segregated 
zones aS well as the alloy matrix are ferromagnetic. The ferromagnetism of the 
zones may be due to their structure rather than to their composition. 

During the second stage of dissociation, there occurs in the alloy ‘a .re— 
arrangement of the zones into B-phase particles. This rearrangement is ac- 
companied by the formation of greatly disoriented blocks or grains; this is 
evidenced by the appearance in the Laue patterns of interference rings associ- 
ated with the solid solution and the B-phase. Formation of strongly disorient- 
ed blocks or grains may occur in two ways: either through rupture of the co- 
herent bonds between the strongly elongated and compressed blocks and between 
the blocks and the zones transforming into B-phase particles or by recrystal- 
lization. We feel that the first alternative is the more probable if only be- 
cause one can frequently observe migration or transfer of B-phase particles 
from one block to another. 

Block formation with rupture of the coherent bonds apparently begins even 
before transformation of the zones into B-particles inasmuch as new boundaries 
resembling cracks appear in some sections of the alloy without segregation, 
but this process proceeds most intensely during conversion of the zones into 
B-phase particles. This transformation is accompanied by relief of stresses, 
at least stresses of the second kind, which is evinced by a decrease in the 
hardness of the alloy and the appearance in the x-ray patterns of a KQ and 
Ko doublet due to reflections from the (331) and (420) planes (Cu radiation). 
At the same time the coercive force increases from a few oersted to 80 oersted. 

It follows, therefore, that the high coercive force observed in the Ni-Be 
alloy should be attributed to the appearance of particles of the B-phase 
rather than to the existence of stresses in the alloy. The thin 8-phase 
plates, being present in large numbers (depending on the composition of the 
alloy they may account for as much as 25% of the total volume) divide the al- 
loy into isolated sections. Inasmuch as the length of the B-phase lamillae 
exceeds the distance between neighboring lamillae, it may be assumed that the 
particles of solid solution between the lamillae are geometrically anisotropic. 
The isolation of the individual particles of solid solution and their aniso- 
tropic shape sharply increase the coercive force of the alloy. 

If during aging together with alteration of the composition of the solid 
solution there occurs an appreciable change in the anisotropy constant, one 
may expect a certain additional increase in the coercive force due to this fact- 
or. 

pone details of the anomalous effects require additional analysis and will 
be considered in a future paper. Here we only note that the anomalous effects 
observed in the x-ray patterns for the Ni-Be alloy are similar to the effects 
observed by A.M.Elistratovl2 in x-ray patterns of Cu-Be alloy. 


eo oS 


Conclusions 


1. On the basis of our electron microscope and x-ray studies and our 
measurements of the hardness and coercive force it may be concluded that dis- 
sociation in the Ni-Be alloy, as in Al-Cu, Al-Ag and Al-Zn alloys, proceeds 
in two stages. 

2. The first stage of dissociation is characterized by the formation of 
zones rich in the alloying component (Be) and the appearance of appreciable 
elastic strains leading to distortion of the block structure. This stage is 
associated with maximum ordering of the alloy. Inasmuch as during this first 
dissociation stage the coercive force changes very little, it may be assumed 
that the zones and regions of localized elastic strain do not offer any ap- 
preciable resistance to reversal of magnetization. 

3. During the second stage of dissociation, there occurs a rearrangement 
or transformation of the zones into particles of the B-phase. In conjunction 
with this, the coercive force of the alloy increases from a few oersted to 80 
oersted. Thus it may be concluded that the high coercive force of the aged 
Ni-Be alloy is associated with the segregation of B-phase particles rather 
than with the presence of stresses. 

We take this opportunity to thank Iu.A.Bagariatskii and A.M.Elistratov 
for discussion of the results of our work. 


Institute of Physics of Metals, 
Ural Branch, USSR Academy of Sciences 
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CHANGES IN THE STRUCTURE AND PROPERTIES OF NICKEL SOLID SOLUTIONS 


DURING HEAT TREATMENT 
- B.G.Livshits 


some recent investigations of alloys indicate that there 
nal distinctive state - and, accordingly, another phase 
geneous solid solutions, which is not ordered in the usual 
d. “The existence of such a state was first noted in 1951 by 

i stigated it in nichrome (80% Ni + 20% Cr) and other alloys by 
their electric resistance. Thomas called this new structural state 
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The writer in collaboration 
F with Sh.Sh.Ibragimov, A. Z. Ivanush- 
ee 1 kina and M.P.Ravdel' investigated 
5 ale ead = re eet this new phenomenon in nichrome, 
—_— Sr ae molybdenum permalloy and invar al- 
Sots | loyed with molybdenum, using dif- 
es. fee o | ferent procedures such as measure- 
eS | ment of the resistance, expansion, 
zo | | hardness, saturation magnetization 
ad | Fal and so on; all the measurements 
=< yielded consistent results. 
i The curve abcd in Fig.1 shows 


= = _ = yen the temperature dependence of the 
Fig.l. Temperature dependence of the resistance of nichrome in a stable 
resistance of 80% Ni + 20% Cr nichrome state. If we take the resistance 
alloy: abcd —- variation of the resist- values corresponding to sections 
amce in the stable state, a'b'cd - ab and cd, after making the ap- 
variation in the state after quenching. propriate correction for the tem- 


perature coefficient, we find that 
the resistance at low temperature is higher than at high temperature. The ex- 
istence of this difference in resistivity can also be proved directly by quench- 
ing the alloy from high temperature; that is, by such quenching one can obtain 
2 value of the resistance corresponding to the point a‘. Heating the quenched 
specimen yields the transition curve a'b' and then the curve b'cd. - The charac- 
ter of the variation over the section a'b' is determined by the kinetics of 
the phase transformation. The section b'c, which is similar to bc, character- 
izes the resistance of nichrome in 
the stable state. 

The character of this trans- 
formation as evinced by the vari- 
ation of the resistivity measured 
at room temperature during reheat- 
ing of quenched nichrome speci- 
mens is shown in Fig.2. The stable 
K-state is readily obtained by 
annealing at 450° for 15 hours, 
at 500° for 2 hours or at 550° for 


; — S min, followed by quenching. 
Fig.2. Variation of the resistivity of Calculation of the activation 


initially quenched nichrome with the energy yields a value of 43 Keal 
annealing time at different temperatures. per gram atom. 
All measurements made at room temperature. The variation of the resistanc 


= lait = 


0, ¥ohm cm with the reheating temperature is 
shown in Fig.3. The extreme right 
and left points on each curve lie 
at approximately the same level 
and correspond to the supercooled 
high-temperature solid solution 
(each reheating was terminated by 
rapid cooling). It will be seen 
that we are dealing here with a 
phase transformation associated 
with displacement of the atoms in 


Fig.3. Variation of the resistivity of the solid solution. 
nichrome with the annealing temperature Analogous curves can be plot- 
for different annealing times. ted on the basis of results of 


+ 


measurements of the microhardness (Fig. 
4), as well as on the basis of dilato- 
metric data, measurements of the speci- 
fic heat, etc. 
The lattice of the high-temperature 
phase supercooled to room temperature is 
CMR EOE TES SICA | 800. AE: < HUD: 600 less compact than the lattice of the low- 
; treheat> © temperature phase. This is substantiated 
Fig.4. Variation of the microhardness by x-ray diffraction studies. 
a of nichrome with the reheating tem- The photograph of Fig.5 shows the 
é perature (reheating period 10 hours). microstructure of the supercooled high- 
temperature solid solution. Fig.6 shows 
the microstructure of the low-temperature K-state as brought out by a special 
method of preparing and etching the section. 


PN Se, EY 


EN PM eT PR TN eS NT ye MEU! 


Fig.6. Microstructure of the K-state 
of nichrome. Magnification 400 X. 


150 
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As a result of cold working, the K- 
state, just as the ordered structure, breaks 
down, but in this case the resistance does 
not increase as in the case of the ordered 
solution, but on the contrary decreases. 
The K-state is re-established by reheating, 
and then the resistivity increases to the 
stable value corresponding to the given an- 
nealing temperature. It is interesting to 
note that the hardness of a specimen heat 
treated to the K-state also apparently de- 
creases under the influence of deformation. 


26 50 5 100 In the interval of reductions in thickness 


Degree of deformation, % 


Fig.7. Influence of "Strain 
hardening’ (deformation) on 
the microhardness of 1) 80% 
Ni + 20% Cr nichrome and 2) 
60% Ni + 15% Cr + 25% Fe iron 
nichrome after cooling of the 
alloys from 1100° at the rate 
of 25° per hour. 


4 
Eee 
So lac Sic 


Fig.8. Variation of the re- 

sistivity (percent change in 
resistivity relative to the 

resistivity of the strain 


from 23 to 80%, the increase in hardness 

due to strain is compensated by the reduction 

in hardness due to destruction of the K- 

state. This is indicated by the arrows in 

Fig.7. It will be seen from the figure that 

in a certain interval of deformations the 

hardness does not change and that the hard- 
ness begins to increase, i.e., strain harden- 
ing becomes effective, only when the K-state 
is wholly destroyed. It will also be seen from 
Fig.7 that a similar effect is observed in 
Ni-Cr-Fe alloy (nichrome with 25% iron, i.e., 
far from NizCr as regards composition). 

Can the K-state be an "ordered" state of 
an alloy such as Ni3Cr? This is the assumption 
made by Taylor & Hinton? who consider that in 
ordering the resistance need not necessarily de- 
crease but may increase. Evidence against this 
inference is the anomalous variation of the re- 
sistance in molybdenum permalloy which in this 
respect behaves just as nichrome. 

The variation of the resistivity with re- 
heating temperature of NizFe alloy and NisFe 
with different amounts of Mo added is shown in 
Fig.8. The initial state is the disordered 
solid solution obtained by strain hardening 
(severe deformation). 

Curve 1 for Ni3Fe without molybdenum (0.2% 
Mo) is typical of the curves obtained for 
ordered alloys. It will be seen that the pres- 
ence of even 0.5% Mo (curve 2) noticeably re- 
duces the degree of order. With 1% Mo (point 
3) the resistivity of the alloy becomes virtually 
insensitive to heat and mechanical treatment, 
i.e., the resistance almost does not change as 
a result of quenching, annealing and cold work- 
ing. The introduction of larger amounts of Mo 


hardened state) with reheating 


temperature of Ni3gFe alloys containing different amounts of molybdenum: 
1) 0i2%,-2) Ovo%, 3) 1%, 4) 52%, 5) 3%, 6) 4%, 7) 5% and 8) 6% Mo. 
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(2-6% - curves 4-8) results 
in a change of sign of the 
Oo effect, that is, ordering 
gives way to formation of 
the K-state. The intensity 
of the effect increases with 
increasing molybdenum content. 
Similar changes are observed 
as a result of reheating aft- 
er quenching from 900° ex- 
re cept that in this case the 
change in 9 is somewhat 
Fig.9. Dilatometric curves for I) Ni.Fe alloy, smaller than after attain- 
II) NisFe + 1% Mo and III) NigFe + 5% Mo. ment of the disordered state 
by plastic deformation. 

It is improbable that the observed effect can be the result of ordering 
particularly since it increases with the molybdenum concentration, which pre- 
sumably can only impede ordering. 

It is interesting to note that the variation of the specific volume fol- 
lows the variation of the resistivity: in the case of ordering of the alloy 
having the Ni2Fe composition, the specific volume decreases while with an Mo 
content of 2 to 5% the specific volume increases in the process of formation 
of the K-state. 

The dilatometric curves for the three alloys having the compositions 
NigFe, NigFe + 1% Mo and Ni3Fe + 5% Mo are shown in Fig.9. Prior to the 
measurements the alloy samples were quenched from a high temperature (homo- 
geneous solid solution) and then reheated in the dilatometer to 300, 400, 450, 
475, 550 and 600° and held at each of these temperatures for 7 hours. It will 
be obvious that ordering of the solid solution in the case of Ni3Fe leads to 
reduction of the volume.* In the case of the alloy with 5% Mo the volume in] 
creases. The intermediate alloy with 1% Mo exhibits virtually no volumetric 


’ 6° 
600 B00 200 00 600 
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variation. 
The dependences of the hardness, 
p, Quen? saturation magnetization and mechanical 
properties on the temperature and time 
G66 of reheating are in general similar to 
the variation of the resistance: start- 
~ O65 ing with the disordered state, attained 


by quenching or cold working, each of 
these properties attains a maximum at 


chi ao) a certain reheating temperature (around 
ae, 450°) and then falls off as the heating 
60 1053 temperature is further increased. 

40 The variations of the magnetic 

20 062 permeability (according to Bozorth ) 


and of the resistivity of superpermalloy 


0 450 80 560 60D with the reheating temperature (1 hour 


Pechadea. heating) are compared in Fig.10. The 
Fig.10. Variation of the resistivity correlation between the two quantities 
and permeability of superpermalloy is good, particularly if we take into 
with the reheating temperature (1 account the high structure-sensitivity 
hour heating). of the permeability. For complete 


——— — — eee eee 
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izes the variation in volume. 
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analysis one must know how the crystal energy and the nmagnetostriction depend 
on the degree of the K-state. 

This degree, i.e., the phase state, can be evaluated from the resistivity . 
which is virtually independent of internal stresses, grain size and concentra- 
tion of minor impurities. 

Thomas! advanced the hypothesis that the K-state is a state of submicro- 
scopic inhomogeneity of the solid solution which is obtained as a result of 
stable segregation of one of the solution components. In the specific case 
of nichrome one can speak only of local segregation of chromium. The linear 
dimensions of the chromium enriched regions are of the order of the free path 
length; hence the formation of such inhomogeneities results in an increase of 
the resistivity. An analogous argument was advanced with regard to permalloy 
by Ravdel' and the author?: it was shown that the introduction of molybdenum 
into Ni3Fe leads to a gradual transition of the solution, stable at low tem- 
peratures, from the ordered state to the K-state (the state of segregation). 
This transition occurs, as is evident from what has been said above, at a Mo 
content of about 1%. It was suggested that the Mo atoms segregate. Dekhtiar® 
came to the same conclusion as the result of his investigation of the magnetic 
properties of molybdenum permalloy which after reheating exhibits two Curie 
points. Dekhtiar further assumes that in the case of such segregation the 
microregions free of Mo atoms are characterized by ordering of the Ni3Fe type. 
This assumption appears plausible although it must be noted that differences 
in Mo concentration in different parts of the crystal per se would be suffici- 
ent for the appearance of two Curie points. Dekhtiar's work makes the concepts 
formulated in Ref.4 more specific in that he emphasizes the discrete character 
of the atomic segregation. The existence of two separate and distinct Curie 
points indicates that there occurs in the solid solution "intraphase dissoci- 
ation" into regions with different concentrations. 

A number of investigators (see, for example, Refs. 2 & 5) have suggested 
that the so-called K-state is a variant of ordering. True, in Ref.2 no mention 
is made of atomic segregation. 

A natural question is whether one can produce the K-state in an alloy in 
which the possibility of ordering is precluded? To answer this question Ivan- 
ushkina® investigated the 36% Ni + 64% Fe invar alloy whose resistivity and 
hardness and other properties do not change as a result of quenching, reheat- 
ing and other heat treatment. This alloy consists of crystals of disordered 
solid solution and is completely inert. If, however, niobium or molybdenum 
are dissolved in this alloy, it exhibits the same effect as nichrome and molyb- 
denum permalloy: in this case upon reheating of the quenched alloy the hardness, 
resistivity and tensile strength increase and the specific volume, the tempera- 
ture coefficient of the elasticity modulus and other characteristics decrease; 
in other words, the alloy becomes very sensitive to heat treatment. Further- 
more, the magnitude of the variation increases with increasing molybdenum con- 
tent beginning with a concentration of about 0.5% Mo. By way of illustration 
the variation of the resistivity of the reheating temperature for the invar 
alloys with 1 and 8% Mo is shown in Figs.1l & 12. 

It is highly improbable that introduction of molybdenum or niobium can 
produce ordering in the invar and, particularly, that the degree of order could 
increase with increasing Mo or Nb content. 

Apparently, the K-state is a special state of the solid solution whose 
atomic nature it would be desirable to clarify. There is evidence that this 
state forms in a large number of other alloys: Fe-Al, Cu-Ni, Cu-Ni-Zn, Fe-Ni-Cr. 
Cu-Ni-Mn, otCe As a rule these alloys comprise transition metals. They may | 
be ferromagnetic. Apparently, the type of the crystal lattice is of no signi- 
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Fig.1l. Variation of the resistivity of To SCENE Tee Sil eed 


Oo 
samples of 36% Ni + 1% Mo + Fe (balance) treheaty “ 


invar alloy with the reheating temperature Fig.12. Same as Fig.11 but for 
with different reheating times: 1) 1 hour, the alloy of 36% Ni + 8% Mo + 
2) 2 hours, 3) 4 hours and 4) 10 hours. + Fe (balance. 


ficance. The K-state can be produced in both alloys characterized by ordering 
and in alloys with a disordered lattice at all temperatures, if they are al- 
loyed with transition metals in amounts not exceeding the solubility limit. 

A significant fact that should be borne in mind in considering the problem 
is that the anomalous resistivity effect is obtained if the alloy undergoes 
concentration disordering as a result of variation of the proportion of compo- 
nents or the addition of a third component to a binary alloy. 

We did not specifically study the thermodynamics and causes of formation 
of the K-state™. 

In conclusion let us list the distinctive indications of the K-state or 
‘intraphase heterogenization". 

1. The kinetics of formation of the K-state indicate that it is establish- 
ed by diffusion, i.e., that in this respect it is similar to ordering and ordin- 
ary aging. 

2. The process occurs in solid solutions without the separation of a 
second phase with a lattice differing from the lattice of the initial solution. 
In this respect the process of K-state formation is analogous to ordering. 

3. Transition to or from the K-state, like other phase transitions, is 
accompanied by absorption or liberation of heat, changes in volume, hardness, 
elastic and other properties. 

4. The change in resistivity incident to formation of the K-state is op- 
posite to that occurring in ordering. Specifically, with formation of the K- 
state (by annealing or reheating) the resistance increases; and on the con- 
trary, elimination of the K-state by quenching or cold working (after anneal- 
ing or reheating) results in a decrease of the resistance. 

5. The introduction of a third component into a binary alloy normally ex- 
hibiting a tendency to ordering (for example, Ni3Fe) at first hinders or elim- 
inates ordering and then with a sufficient increase in the concentration of 
the third component intensifies formation of the K-state, which is evinced in 
changes of the physical properties of the alloy. In the case of alloys that 
are not normally ordered (for example, 64% Fe + 36% Ni), the introduction of 
a third component furthers the formation of the K-state. In both cases an 
appreciable enhancement of the K-state is obtained upon the introduction of 

*Note added in proof: In a paper published after the Conference the author 
showed that the K-state is essentially due to formation of Heine-Preston type 
zones in single phase alloys. The entire problem, however, still requires 
further investigation by a structural method. 
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only a few atomic percent of the third component. In this respect the K-state 

differs significantly from ordinary ordering, for where the latter is concerned 
the introduction of a third component only weakens the ordering effect by con- 

centration disordering. 

In many cases in investigating the influence of heat treatment on the 
properties of single phase ferromagnetic alloys, it is desirable to bear in 
mind the possibility of formation of the K-state at a low temperature and its 
transition to a statistically homogeneous solid solution at high temperatures. 
This transition occurs gradually with increasing temperature after the manner 
of second order phase transitions. 


"T.V.Stalin' Moscow Steel Institute 
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STRUCTURE OF Fe-Ni-Al ALLOYS IN THE HIGH COERCIVITY STATE 
(Abstract) 
- B.G.Livshits & V.S.L'vov 


The composition of most high coercivity Fe-Ni-Al alloys lies in the two- 
phase region of the corresponding phase equilibrium diagram. Such an alloy in 
the stable state is a conglomerate of two types of crystals: crystals contain- 
ing most of the iron and having the Q-iron space lattice and crystals consist- 
ing predominantly of the compound Ni-Al with only a small amount of iron and 
having a crystal lattice of the same type but with a slightly different period. 

The high temperature modification, i.e., the Fe-Ni-Al solid solution, has 
the same space lattice,so that dissociation of it into the Fe phase and the Ni- 
Al phase (both during reheating and aging) leads to coherent binding between 
the respective structural components regardless of the degree of dispersion 
(crystallite size). 

The alloys of this system that are of practical value are characterized 
by anomalous aging. The anomaly is that the highest coercive force is obtained 
not after conventional quenching followed by reheating, but as a result of con- 
tinuous cooling from a high temperature (from a single phase state) at a criti- 
cal rate. Continuous cooling can be replaced by an equally effective procedure, 
namely, holding the supercooled high-temperature solid solution at two tempera- 
tures: first at 800-850° and then at 650-700°. At these temperatures we have 
two-stage decomposition into an Fe phase and an Ni-Al phase; the former is 
gradually impoverished as regards Ni and Al; the latter, as regards iron. The 
preliminary dissociation into two phases at 800-850° can be detected by micro- 
scopic observation: the final decomposition at 650-7009 can be shown by phase 
analysis (chemical or x-ray) of the Ni-Al phase separated electrochemically from 
the alloy. The dissociation and decomposition are also evinced by variations 
of the electric magnetic and other properties of monolithic samples and by the 
results of measurements of the magnetization of the isolated Ni-Al phase. If 
this separated Ni-Al phase is subjected to heating, it undergoes aging consist- 
ing of further segregation of Fe accompanied by an increase of the coercive 
force to 160 oersted. 

In the framework of the single domain theory it would appear plausible to 
assume that the maximum increase of the coercive force is due to enhanced iso- 
lation of the Q-iron particles in the final decomposition stage, i.e., of the 
Q-particles formed in the initial dissociation of the supercooled solid solu- 
tion. It is still not clear why the conventional heat treatment - quenching 
followed by reheating - yields a value of the coercive force only half that 
obtained by means of the heat treatment described above. Investigation of the 
stresses arising during the phase transitions may help answer this question. 
Our preliminary experiments indicate that the stresses developing during dis- 
sociation at 800-8509 exert a definite influence on the final decomposition pro- 
cess at 650-700°. 

The principal contents of this report appear in FMM (Physics of Metals & 
Metallography) 1, 455 (1955); the complete report has been published in Sbornik 
trudov (Collected works) of the Moscow Steel Institute, 33, p.75, 1955. 


"y.v.Stalin'’ Moscow Steel Institute 
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MAGNETIC INVESTIGATION OF ORDERING IN Ni3Mn-BASE ALLOYS (Abstract) 
- B.G.Livshits: & B.V.Molotilov 


The purpose of the present work was to determine the influence of Mo on 
the process of ordering in the Ni3Mn alloy. It was shown earlier (Asmus & 
Pfeifer and Livshits & Ravdel') that the introduction of Mo into NizFe at 
first inhibits ordering and then, with increasing Mo concentration, leads to 
the formation of a distinctive inhomogeneous solid solution (called the K-state 
by Thomas). 

For the purpose of the present investigation we chose the alloy having the 
composition Ni3Mn and the same alloy with amounts of Mo up to 4%. As a first 
step we investigated the kinetics of the phase transition at different tempera- 
tures by measuring the resistivity and then studied this process in more detail 
by the thermal magnetic method on an Akulov anisometer. In addition, we in- 
vestigated the elastic properties and structure of the alloys. 

Investigation of the Ni3Mn samples at different stages of ordering showed 
that the mechanism of the ordering process consists of the formation and growth 
of ordered phase nuclei at the expense of the disordered solution, which gradu- 
ally vanishes. 

Introduction of molybdenum into NijMn slows down the ordering and reduces 
the degree of possible order. This effect is not directly proportional to the 
Mo dilution. Apparently, the reduction of the maximum degree of order is deter 
mined not only by deviations from the stoichiometric composition but also by 
more fundamental changes in the character of the interatomic bonds. 

With additions of molybdenum up to 4.1% at any rate, the solution still re 
tains the capacity to attain some degree of order and the transition to the in- 
homogeneous solid solution (the K-state) is not observed. The kinetics of or- 
dering of NigMn alloys with and without molybdenum are the same. 

The principal contents of the report have been published in co-authorship 
with N.N,Miuller and N.A.Savost'ianova in FMM (Physics of Metals & Metallo- 
graphy), 3, 477 (1956). 


"I.V.Stalin' Moscow Steel Institute 
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KINETICS OF SUPERSTRUCTURE TRANSFORMATIONS OF Fe3Al ALLOY 
- V.E. Rode 


Investigation of ordering in alloys is of great interest both from the 
viewpoint of understanding the nature of processes occurring in metals and al- 
loys and from the practical standpoint of preparing materials with desired 
physical characteristics. As is known the physical properties of an alloy 
may change with transition to the ordered state. Thus the resistivity, hard- 
ness, resistance to rupture, elasticity modulus and other attributes of many 
alloys undergo a marked change upon ordering. The alloy NigMn, for example, 
becomes ferromagnetic in the ordered state. 

Although there have been numerous investigations of ordering in alloys, 
most of them as a rule were concerned primarily with the end result of order- 
ing as regards changes in one or more specific physical parameters rather than 
with the kinetics of the process in time and as a function of the temperature. 
The few studies concerned specifically with the kinetics of ordering are limit- 
ed either to investigation of the variation of some one physical parameter of 
the alloy or to determinations of the degree of order in the alloy as a func- 
tion of different conditions of heat treatment with no attempt being made to 
correlate the variation of the physical properties with the degree of order in 
the alloy. Attempts to correlate the results of the former group with those 
of the latter are hampered by the fact that the specific conditions of heat 
treatment employed in the different investigations generally differ appreciably. 

The purpose of our work was to investigate the variation of the different 
physical parameters of the alloy Fe3Al in process of ordering and at the same 
time to determine the degree of order in the alloy from the intensity of the 
superstructure lines in the x-ray patterns. 

For the purpose of investigating the kinetics of ordering of FesAl, it 
was necessary to determine the Kurnakov point for the alloy of the given compo- 
sition. For determining the Kurnakov point of this alloy as well as of alloys 
with an excess of iron and aluminum, we determined the temperature dependences 
of the specific heat Cy; the resistivity op, the saturation magnetization J, 
and the linear expansion coefficient @. The specific heat vs temperature 
curves has two maxima one of which responded to the Kurnakov point, the other 
to the Curie point. One could decide which maximum pertained to which point 
from the temperature dependence curves of the saturation magnetization. The 
maxima in the curves in the variation of the temperature coefficient of resist- 
ance and the linear expansion coefficient as functions of the temperature co- 
incided exactly on the temperature scale with the maximum in the Cy usate 
curve corresponding to the Kurnakov point. 

The kinetics of ordering of the Fes3Al alloy was investigated with refer- 
ence to the following parameters: 1) resistivity, 2) saturation magnetization, 
3) coercive force, 4) effective anisotropy constant and 5) the lattice con- 
ieee investigating the resistivity of the alloy containing 13.9% aluminum, 
we prepared samples 2 mm in diameter and 10 cm in length in a high-frequency 
furnace. After preparation; the alloy specimens were annealed in vacuum at 800, 
700 and 600° for several hours and quenched in water. The resistance was 

otentiometer set-up. 
Saad aie eyes values of the samples annealed at and quenched from the dif- 
ferent temperatures were virtually identical. We computed the resistivity to 
be 125 microohm-cm and took this to be the resistivity of the alloy in the 
ordered state. To investigate the dependence of the resistance on the time 
i é i -ed sample was placed into a furnace 
and temperature of reheating, 4 disordered samp 
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Fig.1. Variation of the resistivity of Fig.2. Variation of the equilibrium 
FejAl alloy with the heating time at value of the resistivity of Fe3Al 
different temperature. alloy with the reheating temperature. 


ata temperature below the Kurnatov’ 
point. The sample was heated for 
a certain time and then quenched 
in water and its resistance 
measured. The sample was then 
placed in the furnace maintained 
at the same temperature; the 
heating time was doubled, the 
specimen again quenched and its 
resistance measured. This opera- 
tion was repeated until the re- 
sistance no longer changed with 
further heating (time). The final 
value of the resistance thus ob- 
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90 


100 200 500 400 200 500 700 tained was assumed to be the 
ED equilibrium value of the resist- 
Fig.3. Variation of the saturation magnet- ance for the given reheating 
ization of Fe3Al alloy with the duration temperature. Next the sample was 
of heating at different temperatures. heated at a temperature above the 


Kurnatov point (650°) for one 
hour and quenched in water; this brought it to the disordered state as indica- 
ted by measurement of the resistance. The disordered sample was then again 
heated for successively doubled periods at the next temperature of interest, 
etc. 

The results of these measurements are shown in Fig.l. From these curves 
we took the equilibrium values of the resistance at each annealing temperature 
and plotted the variation of these resistance values as a function of the 
heating temperature. The results are shown in Fig.2. It will be seen that 
the resistance monotonically decreases with decreasing annealing temperature 
and, consequently, with the degree of order. 

Concurrently with the resistance measurements, we also measured the 
saturation magnetization J, of our alloy in fields of up to 1100-1200 oersted 
on a ballistic set-up. The results are shown in Figs.3 & 4. It will be seen 
that the saturation magnetization increases monotonically with decreasing 
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heating temperature, at first rapidly 
and then tending to a constant value. 

From the curves of the variation 
of the resistivity and saturation mag- 
netization as a function of the heating 
time at different temperatures we 
determined the relaxation times for 
different temperatures and calculated 
the activation energy for the Fes3Al 
alloy. The value obtained was 29.5 Kcal 
per mole. 

Above we have described. the results 
of our investigation of the variation 


RN a ie «= of the parameters (specifically, the 
as resistivity and saturation magnetiza- 
Fig.4. Variation of the equilibrium tion) of the Fe3Al alloy as functions 


value of the saturation magnetization of the temperature and duration of 
of Fe3Al alloy with the reheating 


temperature. 
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Fig.5. Variation of the relative 
intensities of the superstructure 
lines in the x-ray patterns of 
the Fe3Al alloy with the reheat- 


ing temperature: 
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The microphotometry of the x- 
Molle precision microphotometer, which is particularly suitable for such work 


inasmuch as it superimposes 


intensity determinations. 
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heating. The theoretical work of 
Akulov!»2, defining the dependence of 
the saturation magnetization on the degree 
of order, and the theoretical calculations 
of Ryzhanov? and Smirnov“, showing how the 
resistivity of an alloy should vary with 
the degree of order, allow of relating these 
parameters with the degree of order. A 
good indication of the degree of order ob- 
taining in an alloy is furnished by the in- 
tensity of the superstructure lines that 
appear in the x-ray patterns of the alloys. 
Hence to evaluate the degree of order 
obtaining in our samples we measured the 
intensities of the (11l)q, (200). and (311) ¢& 
superstructure lines. In view of the fact 
that we had no possibility of directly de- 
termining the intensity of the x-rays re- 
flected at different angles, we were forced 
to evaluate the intensity of the superstruc- 
ture lines from the degree of blackening 
(density) of the lines on the x-ray pattern 
photographs. By way of reference we took 
the (220), line since it is close in intensi- 
ty to the mean intensity of the superstruc- 
ture lines and is located near them conven- 
iently. 
ray patterns was carried out on a Type A 


on the photograph, thereby facilitating 


On the basis of our intensity evaluations we were 


able to plot the relative intensit 
superstructure lines as functions 
From these data we evaluated the d 
heating temperatures (the degree o 


of the intensity ratios). 
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y curves for the (lll) q, (200) g and (311) g 
of the reheating temperature (see Fig.5). 
egree of ordering of the alloy at different 
£ order is proportional to the square root 
ults are shown in Fig.6. 
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Fig.6. Variation of the degree of 
order in the FesAl alloy with the 


reheating temperature. 
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Fig.7. Variation of the change in 
saturation magnetization with the 
degree of order. 


Having these data we could readily 
correlate the variation of the physical 
properties of the alloy with the degree 
of order. Comparing the variations of 
the lattice constant, the saturation 
magnetization and the resistivity of the 
alloy with the degree of order we found 
the following relationships: 1) the sat- 
uration magnetization varies as a linear 
function of the degree of order; the 
change in saturation magnetization is 
directly proportional to the degree of 
order - AJ, ~O(Fig.7) and 2) the 
change in resistivity is proportional 
to the square of the degree of order - 
do ~ o% (Fig.8) 
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MAGNETIC PROPERTIES OF ORDERED FeAl ALLOY 
(Abstract*) 
- V.I. Ivanovskii 


The report gives the results of experimental investigations of the tempera- 
ture dependences of the magnetic properties of FesAl alloy. 

Measurements of variations of the coercive force H, with the temperature 
showed that this variation is anomalous: at room temperatures He is always less 
than 1 oersted; with increasing temperature, H, at first decreases to 0.3 oer- 
sted at 400° and then rises rapidly, attaining a value of 200 oersted at 520°; 
this temperature is approximately that of the Kurnatov point. Measurements of 
the temperature dependence of the magnetocaloric effect showed that the curve 
characterizing this variation has a second maximum in the temperature region 
where the high value of H, was observed. 

The high coercivity state was observed only in a certain temperature inter- 
val, namely from 400° to the Curie point (590°). A study was also made of the 
kinetics of the growth of the coercive force at the ordering temperature. The 
temperature variation of the initial susceptibility was also found to be anoma- 
lous. It was found that at the ordering temperature the susceptibility falls 
off rapidly with time; if, however, the sample is held at the given temperature 
in a magnetic field no appreciable decrease of the susceptibility is observed. 
Indications of superductility were found at the temperature of ordering in the 
Fes3Al alloy. 


Department of Physics, 
Moscow State University 


RESIDUAL MAGNETIZATION OF NICKEL AND ITS STABILITY 
- Ta.S.Shur & I.E.Startseva 


The causes bringing ferromagnets to the state of residual magnetization 
and the factors determining the stability of this state is still inadequately 
understood. Recent advances in the investigation of the magnetic structure of 
ferromagnets, however, make it possible to make a new approach to the problem. 
To this end we must first investigate in detail the influence of the crystal 
structure of the ferromagnetic material on the magnitude and stability of the 
residual magnetization. As far as we know there have been no special investi- 
gations of this type hitherto. 

The present investigation was devoted to determining the influence of 
different types of treatment altering the crystal structure of nickel on the 
magnitude of the residual magnetization and its stability as regards alternat- 
ing magnetic fields, temperature fluctuations and mechanical vibration. 


Samples and procedure 


The measurements were carried out on toroidal samples assembled of flat 
rings 0.1 mm thick with an inner diameter of 28 mm and an outer diameter of 
Cae as more detailed report on the work see V.I.Ivanovskii, Thesis, Moscow 
State University, 1952; FMM (Physics of Metals and Metallography) 4, 70 & 245 
(1957); also V.I.Ivanovskii & P.P.Denisov, FMM, 4, 550 (1957). 


40 mm. 


ial the samples were subjected to the 

the cold rolled material at different 

shall hereinafter refer to the latter 

formation by extension or compression 

recrystallization annealing rhe lalse (one rd. 
The magnetic properties of the samples were measured by the ballistic 

The specimens were magnetized by means of a circular magnetic field 


procedure. 


In investigating the stability of the residual { 
magnetizing effects of 1) a circular alternating magnetic field with a frequengy 
of 50 cps and an amplitude gradually reduced to zero, 2) mechanical vibration 
with a frequency of 50 periods per sec and an amplitude of 0.8 mm and 3) tem- 
perature variations in the range from +20 to =95% 
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Fig.1. Residual magnetiza- 
tion of nickel samples sub- 
jected to annealing at dif- 
ferent temperatures in vacu- 
um and having different 
values of the coercive 
force. 
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Fig.2. Variation of the 
residual magnetization and 
the coercive force of nickel 
specimen as a function of 
the temperature of oxidizing 
anneal (sample held at each 
temperature for 15 min). 


For the purpose of producing different crystal structures in the mater- 


Experimental results 
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following forms of treatment: anneal of 
temperatures in vacuum and in air (we 
as oxidizing annealing) and plastic de- 
of the material subjected beforehand to 
vacuum. 


magnetization we studied the de-; 


By employing the treatments outlined we ob- 
tained several series of samples having differ- 
ent crystalline structures and different values 
of the residual magnetization J, and coercive 
force He.- 

The principal results of our measurements 
are shown in Figs.1 through 4. The curve of 
Fig.1 shows the variation of the residual mag- 
netization with changes in the degree of per- 
fection of the Ni crystal lattice as a result 
of annealing cold rolled specimens in vacuum. 

By way of parameter characterizing the degree 
of perfection of the crystal lattice we took 
the magnitude of the coercive force. It will 
be seen that with re-establishment of the per- 
fect lattice, distorted initially by cold rol- 
ling, (i.e., with decrease of the coercive 
force) the residual magnetization decreases. 

The curves given in Fig.2 show the varia- 
tion of the residual magnetization and the co- 
ercive force with the temperature of oxidizing 
annealing of the cold rolled nickel samples. 

It will be seen that up to an annealing tempera- 
ture of 750° the coercive force decreases some- 
what and then with increasing annealing tempera- 
ture begins to rise. The residual magnetization, 
on the contrary, monotonically decreases with 
increasing annealing temperature; after oxidizing 
annealing at 940° the residual magnetization 
amounts to only 13% of the saturation magnetiza- 
tion. 

The magnetic properties of samples subjected 
to oxidizing annealing change markedly under the 
influence of plastic deformation. The magnitude 
of the change depends on the degree of oxidization 
of the nickel. Deformation of a strongly oxi- 
dized sample increases both the coercive force 
and the remanence several fold. Plastic deforma- 
tion of a weakly oxidized sample leads to a sharp 
increase in the coercive force but has relatively 
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Fig.3. Effect of preliminary treatment of the nickel samples on the 
stability of the residual magnetization as regards the demagnetiz- 
ing influence of an alternating magnetic field: a) samples made of 
nickel riboon plastically deformed by stretching, b) samples anneal- 
ed in vacuum, c) samples annealed in air (oxidized). H, = peak 
values of the alternating field demagnetizing the samples by the 
percentages indicated at the respective curves. 


little effect on the magnitude of the residual magnetization. 

Cooling the nickel specimens to the temperature of liquid nitrogen also 
alters their magnetic properties, but the character of the changes differs for 
different initial crystal structures. Thus in the case of specimens subjected 
to recrystallizing anneal in vacuum or in air, the remanence and coercive force 
are greatly increased by deep cooling (J, by a factor of 1.5 and H, by a fact- 
or of 2.5). Deformed specimens in which at room temperature H, * 30 oersted 
exhibit little change in coercive force upon cooling, while their residual mag- 
netization increases by about 20%. 

The curves in Fig.3 illustrate the stability of the residual magnetization 
of different samples under the influence of demagnetizing alternating fields. 
Fig.3, a,b and c pertain respectively to samples subjected to preliminary an- 
nealing in vacuum and plastic deformation by stretching, cold rolling and an- 
nealing in vacuum at different temperatures (different degrees of recrystalliz- 
ation) and cold rolling and oxidizing annealing. The vertical axis is scaled 
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Fig.4. Effect of preliminary treatment on the stability of the 
residual magnetization under the influence of temperature fluctur 
ations (solid curves) and mechanical vibration (dash curves) for 
the samples as in Fig.3. 
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in values of the maximum amplitude of the alternating field H, demagnetizing 


the specimens by 10, 50 and 80%. shad 
The results of measurements showing the influence of preliminary treat- 


ment of the samples on the stability of their residual magnetization as re- 
gards temperature fluctuations and mechanical vibration are shown in Fig.4. 
The data given in Fig.4, a, b and c were obtained on the same epecsiene as 
those characterized respectively in Fig.3 a, b and c. The ordinates in Fig. 

4 are values of the decrease in residual magnetization relative to the initial 
value in percent, i.e., MJ,/Jy x 100%. 

It will be seen from the curves of Figs.3 & 4 that in the case of samples 
plastically deformed by stretching the stability of J, as regards all demagnet- 
izing influences increases with increasing coercive force of the material. 
Specifically, with increasing Hg,a higher value of H, is required for reducing 
J, by 10, 50 and 80% and the relative change in J, under the influence of 
temperature fluctuations and mechanical vibration decreases. A similar in- 
crease in the stability of the residual magnetization with increasing H, is 
observed in the case of the samples subjected to annealing in vacuum, in which 
He < 3 or H, > 15 oersted (Fig.3,b and Fig.4,b). The partially recrystallized 
samples (3 <2ioa 15 oersted) exhibit a deviation from this regularity. Thus 
it will be seen from Fig.3,b that reduction of the residual magnetization by 
10% in samples with H, ~ 3 oersted and H, ~16 oersted is realized by alter- 
nating fields having virtually the same peak value. An even more noticeable 
deviation from the general regularity as regards reduction of J, of the parti- 
ally recrystallized samples is observed in the case of demagnetization by 
temperature fluctuation (Fig.4,b). The stability of the residual magnetiza- 
tion of samples subjected to oxidizing annealing with respect to weak alter- 
nating fields (the lowest curve in Fig.3,b) and with respect to temperature 
fluctuations and mechanical vibration (Fig.4,b) decreases with annealing tem- 
perature although, as has been noted earlier, the coercive force increases 
with increasing annealing temperature. 


Analysis of the results 


If we assume that in the state of residual magnetization the magnetization: 
vectors of the individual crystallites in a disoriented polycrystal are orient-- 
ed in the directions of easy magnetization closest to the direction of the 
field acting on the sample (i.e., if we take into account only rotation proces- 
ses), we find that the relative value of the residual magnetization of tri- or 
tetra-axial material defined by 

27 m/2 
\ | cos 0 sin 0 d0 de 
0 


em: 

J, = Q7t 1/2 (1) 
\ | sin a0 de 
0 0 


(where J, is the saturation magnetization, 9 is the angle between the direction 
of the applied external field and the direction of magnetization in the crys- 
tallite and @ is the azimuth angle) must be equal to about 0.8 Js; or in the 
case of an uniaxial material to about 0.5 Js- In practice, however, such high 
values of residual magnetization are rarely encountered!. The lower value of 
Jy in actual materials can be explained in the light of present day concepts 
regarding the magnetic structure of ferromagnets. We note the following factor 
that may be responsible for the reduced value of Jy: 


~ wd 
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1) the formation of closure domains in the areas of accumulation of rela- 


' tively large magnetic "charges" (at grain boundaries near the surface of the 


sample, near extraneous inclusions, at points of nonuniform stress, etc.) and 
the formation of domains with reverse magnetization; 2 

2) deviation of the elementary magnetic moments from the direction of 
easy magnetization under the influence of stray fields due to magnetic "charges" 
building up near small radius defects; 

3) the appearance in individual regions of the material of preferred di- 
rections of easy magnetization under the influence of residual internal stres- 
ses, with the result that the material is transformed in these regions from 
magnetically multi-axial to magnetically uni-axial. 

On the basis of these concepts regarding the magnetic structure of a resi- 
dually magnetized soft ferromagnet, one can understand the reasons for the ob- 
served effects of mechanical and heat treatment of the material on the magni- 
tude of the residual magnetization and its stability. The reduction in the 
value of J, with decrease of the coercive force in the case of samples annealed 
in vacuum (Fig.1) is apparently due primarily to the first factor. At room 
temperature nickel has a low magnetic anisotropy constant; in recrystallized 
regions the residual internal stresses will also be low; consequently, in such 
regions we will have a low value of the wall energy density 


1~ V aK + digo; (2) 


where K is the magnetic anisotropy constant, A, is the saturation magneto- 
striction, >; is the magnitude of the residual internal stresses and a and b 
are constants.3 Hence in recrystallized portions of the sample near differ- 
ent types of defects there may form closure domains and domains with reverse 
magnetization. The greater the number of recrystallized regions in the sample, 
the greater will be the relative volume occupied by such domains and, conse- 
quently, the lower the residual magnetization of the sample. This, too, is 
probably the reason for the reduction of Jy of samples with increasing tempera- 
ture of oxidizing annealing (Fig.2). In annealing cold rolled nickel in air, 
simultaneously with recrystallization there occurs oxidation of the material. 
The oxide film as a result of intercrystallite diffusion forms lamellar non- 
ferromagnetic inclusions between the grain boundaries. To compensate the 
magnetostatic energy of the "charges" appearing on the oxide inclusions, there 
form near them closure and reverse magnetization domains. Raising the anneal- 
ing temperature leads to increase of the area and thickness of the nonmagnetic 
oxide inclusions which in turn leads to an increase of the volume occupied by 
closure and reverse magnetization domains. As a result, again, the residual 
magnetization is reduced. 

Increase of the residual internal stresses through plastic deformation of 
a strongly oxidized sample or increasing the magnetic anisotropy constant by 
cooling the nickel? leads to a sharp increase in the wall energy density. In 
consequence the volume occupied by closure and reverse magnetization domains 
changes, which results in an increase in Jy- The small change in the value 
of Jy incident to cooling of samples having a value of He ~ 30 oersted at 
room temperature shows that the role played by closure domains in this materi- 
al is minor. The reduction of Jy as compared with the theoretical value in 
this case is apparently due primarily to the second and third factors listed 
above. 

The state of residual magnetization is metastable; consequently, the ef- 
fect of any external influence tending to alter the magnetic structure of the 
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ferromagnet produces a decrease of the residual magnetization. As noted 
earlier, in a magnetically soft polycrystalline material in the Temaneuce 
state there are always present closure domains whose magnetization is ori- 
ented antiparallel to the magnetization of the principal domains. Some of 
these closure domains are nuclei of reverse magnetization, i.e., grow into 
domains with reverse magnetization. The stability of the residual magnet- 
ization is determined by the extent to which growth of the reverse magnet— 
jzation nuclei and displacement of the walls between the principal domains 

and reverse magnetization domains are hindered. Consequently, the stability 
of the residual magnetization must increase with increasing domain wall energy 
density and increasing steepness of the residual internal stress gradients. 

In particular this is what occurs in samples subjected to plastic deformation 
by stretching (Figs.3,a and 4,a). The absence of direct correlation between 
the stability of the residual magnetization and the magnitude of the coercive 
force in partially recrystallized samples (Figs.3,b & 4,b) and oxidized samples_ 
(Figs.3,c & 4,c) is due to the distinctive features of their crystal structure 
(inhomogeneous recrystallization and nonuniform oxidation). 


Conclusions 


1. The results of our investigation show that in nickel samples, even 
in non-grain-oriented ones) the residual magnetization may vary over a wide 
range under the influence of different treatments affecting the crystal struc- 
ture of the material. 

2. The stability of the residual magnetization as regards different de- 
magnetizing factors also depends on the crystal structure of the material. 
It must be noted that this stability is not always correlated with the magni- 
tude of the coercive force; samples having the same value of the coercive 
force butsubject beforehand to different heat or mechanical treatments may 
exhibit very different degrees of stability of the residual magnetization. 

3. The observed regularities can be qualitatively interpreted in the 
light of present concepts regarding the magnetic structure of soft ferromag- 
netic materials and the structural changes produced by various external in- 
fluences. 
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INFLUENCE OF PLASTIC DEFORMATION ON THE BARKHAUSEN EFFECT 
- K.Wotruba 


Three techniques are now available for quantitative investigation of the 
Barkhausen effect: 1) the procedure in which the effect is viewed on an oscil- 
lograph (Tyndalil and Sawada?) , 2) the statistical procedure used by Bozorth® 14 
Foerster & Wetzel° and Tsomakion & Ivlev® , and 3) the direct method of Bush! 
Tebble® , Krantz2 and the author!9-12, he first procedure is inadequate ore: 
quantitative measurements, while the second is predicated on the assumption of 
statistical independence of the effect which was disproved by the experiments 
of Sawada? and Krantz?. In view of this, in our work we utilized the third 
procedure, employing the set-up diagrammed in Fig.1. In order to reduce the 
experiment time, the set-up had five channels with appropriate separators and 


pulse counters. The current supply to the magnetizing coil was realized by 
means of an electrolytic 


’ 


* potentiometer with a Fig.1. Set-up for 
mechanical drive similar investigating the 
to that used by Foerster Barkhausen effect: 
& Wetzel5. It is inter- 1) ferromagnetic 
esting to note that ina sample, 2) measur- 
recent investigation ing coil, 3) com- 
Krantz? elected to use pensating coil, 4) 
the same experimental magnetizing coil, 
procedure. { H | 5) magnetic shield, 


6) battery, 7) field 
meter, 8) interfer- 
ence filter, 9) 
voltage divider 
(electrolytic poten- 
tiometer) , 10) 110 
db amplifier, 11) 
high frequency 
filter, 12) clipper, 13) 40 db amplifier, 14) differentiating network, 15) fre- 
quency divider - 256:1, 16) pulse amplifier, 17) recording unit. 
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The influence of plastic deformation on the Barkhausen effect has as yet 
been little studied. Bozorth & Dillinger!4 and Tebble, Skidmore & Corner 
found that the Barkhausen effect in permalloy and iron changes after annealing. 
Foerster & Wetzel° showed that plastic deformation markedly reduces the Bark- 
hausen effect. Ivlev notes that the Barkhausen effect vanishes in nickel after 
strong elastic deformation. 

The purpose of our work was systematic investigation of the influence of 
plastic deformation on the Barkhausen effect in Mumetal, Hypernik, iron and 
nickel. The materials used for our samples were technically pure and hence not 

” subject to further purification. The samples were taken in the form of wires 

10 cm in length and weighing 100 mg. Prior to measurement they were subjected 

to annealing in an atmosphere of hydrogen for 1/2 hour at 800°. The deforma- 
tion €, was varied from 1 to 20%. Each degree of deformation was represented 

by a separate sample on which we also measured the coercive force (Figs.2-6). 
This made it possible to repeat all the Barkhausen effect measurements three 
times on the same sample. The rate of variation of the magnetic field was 0.05 
oersted/sec; the range of variation was from -120 to +120 oersted. The scatter 
of experimental points did not exceed 15-20%. In Figs.2-6 we have plotted the 
arithmetic mean values of the intensity of the Barkhausen effect. This intensity 
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Fig.2. Variation of the coercive force H, 
and the Barkhausen effect B19 with the per- 
cent plastic deformation (stretching) Ep 
for Mumetal. 
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Fig.3. Same as Fig.2 but for Hypernik. 
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Fig.4. Same as Fig.2 but for iron. 


is equal to the ratio of the 
change in magnetization due 

to the Barkhausen effect to 
the total change in magnetiza- 
tion incident to reversal of 
magnetization. In the case 

of Mumetal, Hypernik and iron 
we recorded jumps of the mag- 
netic moment exceeding 10-1076 
cgs units; in the case of 
nickel, wherein the effect is 
weaker, we recorded jumps ex- 
ceeding 5-1076 cgs units. The 
curves of Figs.2-5 pertain to 
samples subjected to stretch- 
ing; Fig.6 is for samples de- 
formed by rolling. 

It will be seen from the 
curves that the Barkhausen 
effect increases with the de- 
gree of deformation in Mumetal 
and Hypernik and decreases 
with deformation in iron 
(slowly) and in nickel (more 
rapidly). In the case of 
nickel the Barkhausen effect 
goes through a minimum at a 
deformation of about 10% 
(Figs.5 & 6). This result 
has a theoretical explanation. 
According to Tebblel4, the 
Barkhausen effect is caused 
by internal stress inhomogene- 
ities, the dimensions of which 
approach the thickness of the 
boundary layer. This thick- 
ness is given approximately 
byl5,16 


ba (K+ + As) 


ni 


where K is the magnetic aniso- 
tropy constant, } is the mag- 
netostriction and o is the 
mechanical stress. In the 
case of nickel K is small, 
while X is large, hence the 
thickness of the boundary 
layer decreases with increas- 
ing stresses. Consequently, 
the intensity of the Bark- 


hausen effect decreases accordingly. Under deformation, however, the inhomo- 
geneity of the internal stresses increases and hence the Barkhausen effect 
must simultaneously increase; this explains the minimum at about 10% deforma- 


tion in Figs.5 & 6. 
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Fig.6. Same as Fig.2 but for Mumetal and nickel subjected to plastic 
» deformation by rolling. 


In iron K is larger and the thickness of the boundary layer decreases 
more slowly. In Mumetal and Hypernik K and ) are both small quantities. The 
thickness of the boundary layer is therefore large and the number of inhomo- 
oS geneities of comparable dimensions is small. Consequently, the Barkhausen 
- effect in these materials in the absence of deformation is weak and increases 
% only with increasing number and size of the stress inhomogeneity regions under 
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the influence of deformation. The above is, of course, only a rough qualita- 
tive interpretation of the observed regularities. 


Prague, Czechoslovakia 
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INVESTIGATION OF REVERSAL OF MAGNETISM (BARKHAUSEN) JUMPS IN FERROMAGNETS 
- V.F.Ivliev, V.L.Il'iushenko & L. I. Aseeva 


; It has been shown in a number of investigations that the volume involved 
EES of magnetism (Barkhausen) jump is of the order of 10-77-1079 
cn. 

For Dues of clarifying the nature of the magnetism jumps one of the 
present authors“ investigated the temperature dependence of the number and mag- 
nitude of the jumps in nickel. The results of this investigation showed that 
with increasing temperature the number and the magnitude of the jumps decrease 
exponentially. One of the aims of the present study was to determine whether 
this exponential law applies to all ferromagnets or is peculiar to nickel. 

Aside from the work of Tebble & Newhouse’ there have been virtually no 
investigations of the jump-like magnetization effect in single crystals. Hence 
a second purpose of our investigation was to determine experimentally the de- 
pendence of the number of jumps and their magnitude on the crystallographic 
direction and the temperature. 

We used the following samples in our experiments: 

Sample No.1 - iron wire (99.93% Fe), diameter 0.56 mm, length 4 cm (an- 
nealed and not annealed). 

Sample No.2 - iron wire (98.59% Fe) diameter 0.2 mm, length 4 cm (anneal- 
ed and not annealed); the annealing was carried out at 1000° for 5 hours fol- 
lowed by slow cooling in the furnace. 

Sample No.3 - silicon iron single crystal (transformer iron with 3.4% 
silicon) in the shape of a thin round disc. The surfaces of the disc were 
parallel to the (110) planes which was convenient for our purposes inasmuch 
as all the three principal crystal directions - [100], [110] and [111] - are 
in the (110) plane. Investigation of the magnetization jumps in the different 
crystallographic directions was carried out by rotating the discs in a mag- 
netic field. In rotating the discs we noted the angle @ between the direction 
of the magnetic field and the 110] direction; hence @ = 90° corresponded to 
the {100} direction, @ = 180° to the [110] direction and @ = 150° to the (sat 
direction. 

The experiments were carried out on a set-up similar to that described in 
Ref.2 which allowed of recording reversal of magnetism jumps involving volumes 
from 0.7°1079 em3. The present set-up differed from that described in Ref.2 
only in that the undulator in the original set-up was replaced by type PS-64 
scaling circuit. In addition in investigating the jumps in single crystals 
the amplifier circuit was improved somewhat making it possible to detect jumps 
from 0.31079 om. 

The number of jumps in the process of reversal of magnetization of the 
specimen was counted on one of the branches of the hysteresis loop, i.e., in 
the field range from -H to +H, which did not exceed 280 oersted for any of the 
investigated samples. 


Results and discussion 


The variation with temperature of the number of jumps of different size 
for Sample No.1 in the nonannealed state is shown in Fig.1. Similar curves 
were obtained for Sample No.1 in the annealed state and for Sample No.2 (an- 
nealed and nonannealed). It will be seen that in iron samples the maximum 
number of jumps for all sizes of jump occurred at approximately the same tem- 
perature. 
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Fig.l. Temperature dependence 


of the number N of jumps of 5004 
all magnitudes for unannealed 
iron specimen No.1: 1) v = 400 | 3 
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Fig.2 shows the variation 
of the number of jumps of dif- 
ferent size at room temperature 
with the angle @ for unannealed Fig.2. Variation of the number of jumps of 
Sample No.3. It will be evi- different size with the angle @ (the angle be- 
dent from the figure that we tween the magnetic field and the [110] direc- 
have an appreciable anisotropy tion) for the unannealed No.3 sample at room 
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of the number of jumps, i.e., temperature. H = 140 oersted; 1) v = (0.3-0.6)- 
that the number of reversal of ‘1079, 2) v = (0.6-0.9)-1079, 3) v = (0.9-1.2): 
magnetization jumps depends -10-9, 4) v= (1.2-1.5)-1079, 5) v = (1.5-1.8)> 
significantly on the crystallo- -1079, 6) vz (1.8-2.1)-1079, 7) v= (2.1-2.4): 
graphic direction. The maxi- -:1079, 8) v = (2.4-2.7)-1079, 9) v = (2.7-3.0)- 
mum number of jumps occurs °1079, 10) v > 3.0-1079 cm3, 


for 95 180°, i,6., for the 
[110} direction, while the minimum is observed for @ = 90° or the [100] direc- 
tion. 
It will be noted that the maximum and minimum number of jumps of all sizes 
correspond to the same crystallographic directions. As a result of annealing 
the number of jumps of all sizes decreases for all directions; the mean size 
of the ee in the annealed sample for all directions is the same and equals 
0.8°107% cm3 

Fig.3 shows the variation with temperature of the number of jumps of dif- 
ferent size for the nonannealed No.3 sample with p = 180°, i.e., for the angle 
at which the maximum number of jumps is observed at room temperature. Similar 
curves were obtained for the other two crystallographic cirections. It will 
be obvious from the figure that in the case of the single crystal silicon iron 
sample the number of jumps is strongly dependent on the temperature, 


= 241) = 


2 In the temperature range from -183 
1400|- 


to 300° the total number of jumps observ- 
ed in remagnetizing the specimen along 
any crystallographic direction at first 
increases with the temperature, passes 
through a maximum at about 70° and be- 
gins to decrease. The maxima for suc- 
cessively larger jumps are displaced 
increasingly to the side of lower tem- 
peratures. This is true of all crystal- 
lographic directions. 

The variation of the number of jumps 
with the angle @ at different temperatures 
is shown in Fig.4. It will be obvious 
that the character of the number of re- 
versal jumps anisotropy changes with 
temperature. In the temperature range 
from -183 to +150°, we consistently have 
one direction (the [110] direction) with 
a maximum number of jumps and one direc- 
tion (the [100] direction) for which the 
number of jumps is minimal. At higher 
temperatures two maxima and two minima 
become evident. The maxima correspond 
to [111] directions, i.e., to @ = 150 
and 210°; the minima correspond to the 
[100] and [110] directions, i.e., to 


EE oe, FU g 0 200 uo @ = 90 and 180°, the former minimum be- 
ing somewhat deeper than the latter. 

Fig.3. Temperature dependence of From a comparison of Figs.1 and 3 
the number of jumps of different it follows that the character of the 
size for the nonannealed No.3 temperature dependences of the number 
Sample with 9 = 180° ( [110] di- of jumps for polycrystalline iron samples 
rection). Numeration of curves and for the silicon iron single crystal 
same as in Fig.2. is the same: in the case of both materi- 

nere als the maximum number of jumps is ob- 


served at a certain temperature. In 
nickel the character of the temperature 


400 


a! dependence of the number of jumps dif- 

aay fers, namely, the number of jumps of 

H00 all sizes consistently decreases with 

1000 increasing temperature in the entire 

90 range from -183° to the Curie point. 
The number-of-jumps peak for poly- 

“od crystalline iron samples occurs in the 

4 temperature region where the absolute 

60 value of the saturation magnetostriction 

30 Xs is lowest. To both sides of the re- 

400 + gion hg increases in absolute magnitude, 

wh é é a : while the number of jumps decreases. 

200 3 : 


Fig.4. Variation of the number of jumps 

of with the angle 9 at different Tempers baves 
a a ae) area eee 8a0 542) 602) 20°, 4) 70°, 5) 120°, 
; 9 6) 170°, 7) 220°. 
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From Shtrukin's4 investigation of the temperature dependence of the sat- 
uration magnetostriction in a silicon iron single crystal it follows that the 
magnetostriction constants vary with increasing temperature in a different 
manner for different crystallographic directions. At room temperature the 
inequality 


[A100] > [Azai] > [Ar20| (1) 


obtains, i.e., as regards absolute magnitude A, is minimal in the [110] direc- 
tion and maximal in the [100] direction. 

In the same temperature range for the number of reversal of magnetization 
jumps we have the inequality . 


i.e., the greatest number of jumps is observed in the direction for which AX. 
is minimal as regards absolute magnitude and vice versa. Tebble? showed that 
inequality (1) holds for all temperatures in the range from +20 to +150°. In- 
equality (2) also remains valid over this entire temperature range. 

At 150° and higher temperatures (1) no longer applies and instead we have 
the inequality 


|A100| > |Ario| > |Ar22 | (3) 


Inasmuch as the maximum number of jumps should be observed in the direc- 
tion for which AX, is minimal, in this temperature range the maximum number of 
jumps should occur in the jit} direction. This is borne out by experiment as 
can readily be seen in Fig.4. 

It also follows from (3) that the deepest minimum should be observed in 
the [100] direction, which again is the case. Thus in the temperature range 
from +150 to +300° the inequality 


SG he eG Sees a uk (4) 


obtains for the number of jumps. 

Our experiments showed that the temperature dependence curves for the 
number of jumps in the [100] and [110] directions are similar to each other in 
the entire temperature range from -183 to +300°. 

In the ian) direction the temperature variation of the number of revers- 
als of magnetization jumps is somewhat different: specifically, starting with 
about +150° the curve lies appreciably higher than for the other two directions. 

It also follows from Tebble's work that the temperature dependence curves 
for the magnetostriction constant Xg for the {100] and [110 } directions, just 
as the number of jumps vs temperature curves, are similar in the temperature 
range from 20 to 500°. The temperature variation of X, in the [111] direction 
oa this temperature range differs from the variation for the other two direc- 

ions. 

Thus it is clear that the observed anisotropy of the number of jumps and 
the temperature dependence of the number of jumps reflect in some degree the 


anisotropy and temperature dependence of the magnetostriction constants Ag for 
the different crystallographic directions. 
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In conclusion we desire to thank L.V.Kirenskii for valuable advice and 
* suggestions in connection with the work. 
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ON THE STRUCTURE OF THE FAMILY OF SYMMETRICAL HYSTERESIS LOOPS OF FERROMAGNETS 
- R.I.Ianus & V.P.Kartashov 


1. One still sometimes encounters in the literature schematic diagrams 
showing the family of symmetrical hysteresis loops of fer roms ooo in the form 
of inscribed loops with no common points, as shown in Fig.1l,a. Experiment 
shows, however, that this pattern obtains only for the Loops for which the 
maximum magnetization J, is only a fraction of the saturation magnetization 
Jg for the given ferromagnet. 

Actually, it was discovered years ago in connection with investigations 
of the shape of the so-called normal magnetization curve and the limiting 
hysteresis loops (loops run to saturation) for the same specimens that loops 
with different values of J, may have common sections. It was found that the 
normal curve (the locus of the tips of the symmetrical minor loops) gradually 
approaches the branches of the limiting loop; at some value Jy = tJmg the norm-: 
al loop comes so close to the branches of the limiting loop that the distance 
between the normal loop and the nearest points of the limiting loop becomes 
smaller than the measurement error. Further (at all values of Jy >J,,) both 
curves are experimentally indistinguishable, i.e., virtually coincide (Fig.1,b)) 

The authors of Ref.5-7 showed that in the case of electrotechnical grade 
Fe and technical grade Ni coincidence of the nonlimiting or minor loops with 
the limiting loop occurs not only over the sections where | a] = Jnq (as was 
assumed earlier - Fig.1,b). It was found that when J, > Jima the ascending 
branch of a given ioop (minor) becomes contiguous to the ascending branch of 
the limiting loop at J = Jg, where Jg< Jpg, and that the descending branches 
become contiguous from J = -Jg (Fig.1,c). The greater the difference Jy - Jpa,, 
the greater the difference Jmq - J, on the same loop. 

At a certain value of J, = J,,, one obtains Jg = 0 (as in Fig.1,c for the 
loop having Jp = J'y)- This means that in measuring the coercive force h, of 
the given material (provided J, >J,,,.) there will be obtained the same limiting; 
value of the coercive force (hg = H.) regardless of whether the measurement is 
made with reference to the limiting loop or any of the intermediate minor loops 

At some value of Jm = J re dines one obtains Ja = a (as in-Fig.l,c for 
the loop having J, = J'",,). This means that in measuring the remanence j peed 
the given material there will be obtained the same value (jy = Jy) as in measur- 
ing with reference to the limiting loop or any minor loop for which Im == Jnr 
(the areas of these loops, however, will not be the same due to the variance 
between the initial and final apex sections of the various loops). It was foune 
in the investigations of Refs.5-7 that Jmc approximately agrees with the magnet- 
ization at the "knee" of the normal magnetization curve for the same specimen 
(Jg). 

In Ref.5 we evaluated Jmq for electrotechnical grade iron and also arrived 
at a value close to Jg. For this evaluation we used only the he vs Jp curve, 
because, failing to note the location of the normal magnetization curves rela- 
tive to the limiting hysteresis loops for the same specimens, we overevaluated 


SA CS NS OS mS SOR ee em eat See SD eee SED can SED ee fees meee em SOeD cD ODN Goes eese GOT ome ae { 


*At one time it was even suggested that the normal loop at Jn = td. even 
intersects the limiting loop and thereafter lies outside it, merging with it 
only at J, > Jg- It was shown in the study of Ref.2 and later in the investi- 
gations of Refs.3 & 4, however, that there were serious, misleading errors in- 
volved in the experiments upon which this suggestion was based. 
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the errors involved in recording the 
curves and comparing the hysteresis loops 
with different values of Jm and were un- 
duly fearful of erring on the side of 
underestimating Jpg (this was natural in 
view of the fact that our thinking was 
influenced by the appearance of earlier 
diagrams of the type shown in Figs.l,a 
& b). If, however, one evaluates Ja 
from the point at which the normal curve 
merges with the limiting loop (and such 
an evaluation appears to be legitimate) 
then the results of the experiment de- 
Fig.1. Families of symmetrical scribed in Refs.5-7 as well as the re- 
hysteresis loops. sults obtained by other investigators 
all show that Jyq approximately agrees 
with the magnetization at which the differential permeability of the material 
as given by the normal curve (ug, = 4ndJ,/dHy) attains its maximum value. For 
most technical ferromagnets Jp, ~ 0.3-0.6 Jg. 

As a result of these refinements the diagram of the family of symmetrical 
hysteresis loops shown in Fig.1l,c differs somewhat from the diagrams given in 
Refs.5 & 6. 

2. In order to clarify the relation between J, and Jg in different cases 
one should perform experiments in which Jg changes appreciably, while the 
other conditions (the chemical composition and microstructure of the speci- 
mens, their shape and so on) remain entirely or almost the same. Such, for 
example, might be measurements on single crystal spheres or ellipsoids per- 
formed with magnetization in different crystallographic directions. Inasmuch, 
however, as it is difficult to prepare such specimens and to attain the requis- 
ite accuracy of measurement with them, we elected to use an easier if less 
perfect procedure: we prepared samples of polycrystalline but grain-oriented 
material (from a sheet of cold rolled electrotechnical grade iron alloyed with 
3% silicon) in the form of bars pointed at both ends, having the same thickness 
over their entire area and bounded on the lateral sides by parabolas (the 
specimens are described in detail in Refs.5,6; such specimens are magnetized 
in a homogeneous external field almost as uniformly as ellipsoids). The direc- 
tion of the length of the first specimen coincided with the direction of the 
<100> axes of its component crystallites; in the second specimen the length 
was aligned with the <110> axes and in the third with the €111> axes. The 
dimensions of the specimens were the following: length 2a = 25 cm, width 2b = 
= 3.0 cm, thickness 2c = 0.050 mm. An ellipsoid having the same length, volume 
and b/c ratio would have a demagnetization coefficient N = 0.011. After being 
cut out, the specimens were subjected to 2 hours annealing in vacuum at 800° 
to relieve the work hardening strains produced along by the cutting operation. 

The specimens were magnetized in a uniform field of a solenoid; the strength 
of the field He was determined from the current through the solenoid winding. 

The magnetic measurements were carried out by the ballistic procedure. 

For measuring the coercive force we used the ballistic throw method; for the 
other measurements we used the reversal or switching method. 

The measurements of the coercive force and the recording of the normal 
curves were carried out by the "usual" observation system with the “usual” 
experimental errors. To enhance the accuracy of determining the points of 
confluence of the branches of neighboring hysteresis loops, we employed, as 
in the work of Refs.5-7, the procedure based on the “vertical sections’ scheme 
for recording the loops. This procedure merits a brief description. 
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In working in this manner the measured values of the magnetization Jz on 
the ascending branch of the hysteresis loop and Jg on the descending branch a | 
grouped in pairs; J, and Jg comprising a pair are measured at the same nominal. 
value of He (form a "vertical section’ of the loop) . : ; | 

Let us assume that we are recording the loop at the tips of which nominall}! 
He = +Hen and J = tJm; in the k-th section He = Hex; Jy = Jy, and Jg = Joye To: 
determine Jj], and Jo; we observe the ballistic throws of PS galvanometer with 
jump-like changes (after appropriate "magnetic preparation") of H, from He, to 
(throws Qj,) and from Hea, to He, (throws 2k) - 

Actually, however, one cannot reproduce with absolute accuracy in all ager 
measurements the values of He,, Hon and the associated quantities, to say nothin 
of some of the varying parameters of the measuring set-up; this obviously intro) 
duces additional errors. Providing all such quantities pertaining to Qj, with 
the additional subscript 1 and the quantities pertaining to Q9, with the addi- 
tional subscript 2, we obtain the following obvious equations: 


Hom 


Ong = Arsd my AES (Ha — ani ma) 
Ding = 4r8I mg + S (Heme — Nined me); 
Dy, = 40sJyx + S (Herr — NyxJix), (1) 
Dox = AtsJ 9% +S (Hero — Nox J ox), 
Crrdi~ = On, — D,,, C oxox = Ding — Dox. 


From them we obtain 
Cyphyn — Contax = 408 (Sm — Ime + Jax — Six) + 


(2) 
= S (Hemi a Heme sila A ors = FA oxy + N mod me — Ning) ma +N J ir—N ord ox- 

Here s is the cross section area of the specimen at the point encompassed 
by the measuring winding, S is the area encircled by a turn of the measuring 
winding (S > s) and C is the sensitivity of the galvanometer as regards the 
induction current. 

In order to carry out a comparison of the corresponding differences J9, - 
- Jj, for different loops (and this is necessary for determining the points of 
confluence of the branches of different loops), we must calculate the differ- 
ence Jo, - Ji for another (the compared with) loop by substituting in (2) for 
the values of H,, J, N and so on for the given loop the corresponding values 
of the quantities for the other (compared with) loop. One can readily guess 
how many and diverse the sources of error in such a comparison can be and how 
serious they may be if all possible measures are not taken to minimize or 
eliminate them. 

In particular, in the case of specimens having the shape of rectangular 
section strips N not only differs for different loops but differs at different 
points of the same loop (Nj, # No, # N,); in fact N = f (J) even has its own 
hysteresis®, But the shape of the specimens used in our experiments makes N 
almost constant (as for ellipsoids). The small value of S/s in our experiments 
(1.2) further reduced the influence of the remaining inconstancy of N on the ~ 
results. Hence for our experiments we could assume 


Ni4 == Vox se iViy a="IViks = Ne (3) 


In order to reduce the influence of differences in the values of C, Her 
and Hem in different observations due to fluctuations of temperature, zero” 
drift of the instruments, gradual discharge of the storage batteries and simi- 
lar factors, in addition to the appropriate stabilizing devices and similar 
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measures, we utilized the classical procedure of measuring Qj, and Qo, pertain- 
ing to the same cross section of the loop in series in which the observations 
of OK and Qo, followed each other rapidly and in turn, being repeated numer- 
ous times without readjustment of the rheostats in the magnetizing and measur- 
ing circuits (i.e., the changes of He were realized solely by closing and open- 
ing the circuit switches). Cutting down the time expended on a series of 
measurements to a minimum reduces the possible range of variation of all the 
parameters during the series of measurements and alternating the observations 
of Qj, and Qo,, keeping the time intervals between them constant,makes the in- 
fluence of any persisting variation of the parameters on the mean values of 
Qix and Qo; (for the given series of measurements) almost the same so that in 
the difference between the mean values this influence is compensated to within 
a quantity of the second order of smallness. Hence we can write 


Cur = Cy = Ce Hag = Hex; Hem = Heme, Jim =Jmo- (4) 


Taking into account (3) and (4), we obtain from (2) 


Cy (41% = ox) 


SE: wh Six aa 4ns — NS 


(5) 


where QQ), and Qo, are the mean values of Qj, and Qo, for the given series of 
measurements. 

One of the measures or criteria of the effectiveness of the procedure em- 

ployed is the reproducibility of the values of Jo, - Jj, in different series 
of measurements carried out under slightly different conditions (for example, 
on different days). In our results the values of Jim? Jj, and Jo, pertaining 
to the same nominal values of Hg, and H ie but obtained in different series of 
measurements differed within the limits of the “usual” errors of ballistic 
measurements (up to 0.5-1%), but the difference Jor - Ji, reproduced well even 
for such k's when the difference Jo, - J); was appreciably smaller than the 
scattering of the values of Jj; and Jo, obtained in different series of 
measurements. 

Comparison of the values of Jo, - Jj, for different loops of the same 
specimen makes it possible to establish for some of them, with the same ac- 
curacy as the value of Jo, - J , was determined, the points of confluence of 
the branches of the different loops. Thus from the inequalities 


ee) ee ONO IA oh 5 (6) 


following from the absence of the intersections of the branches of different 
loops of the same specimen and from the equality 


I ee ey (7) 
it follows that 
ths = iLy. and Als => ieee (8) 


This means that if some loops have in some sections identical values of 
Jox - Jix, then both the ascending and the descending branches of these loops 
in the given section coincide. But if the descending (or ascending) branches 
of the loops do not coincide (i.e., if, for example, J'o, # J"9,.) then coinci- 
dence of the other branches (ascending or descending as the case may be) cannot 
be established by this procedure inasmuch as then J'2x - J'iyx # Jax - J" 1K 


even if J'1,% = J" 1K: 
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Consequently, by means of this procedure one can deter- 


mine the points of merging of only those loops for which J, >Jg (here Jq is 
the remanence of the specimen according to the limiting, magnetization-to- 
saturation loop not corrected for the demagnetizing effect; Jy > Jqg ~H,/N)- 


x </P> 


e </I0> 


4000 12000 20000 
6.65 
Fig.2. Normal magnetization 
curves Hm(Bm) Hey (415m) 
and ho vs By, curves. 


All the loops with small values of Jy, in- 
cluding the loops for which Jp = Jno fail under 
this limitation, but Jmc can be found from the 
ho vs Jm curves, while Jy, can be determined by 
comparing the normal magnetization curves with 
the limiting hysteresis loops. 


3. In Fig.2 we show the normal magnetization 


curves (loci of the hysteresis loop end-points) 


Hem(Bm) ~ Hem (4nJp) for the samples listed above. 


It will be seen that for the first specimen the 
induction at the "knee" (Bg ~4nJg) is ~15,000 
gauss, for the second ~12,000 gauss and for the 
third ~1,000 gauss. 

In the same figure we show the h, vs By 
curves for these specimens. It will be seen 
that in all these specimens there exists the 
same relation between B,, and Bg (or what is 
the same thing between Jmc and Jg) as was found 
in the investigations of Refs.5-7, namely, 


Inc ¥ JG (9) 
The observed variation of the difference 


Box - Buy + 4n(Jox - Jy) as a function of Hoy, 
for different loops of the 


first specimen is given in 
Fig.3; the corresponding 


curves for the second and 
third specimens are given in 


Figs.4 & 5, respectively. 


acter of the structure of the 
family of symmetrical hystere- 
sis loops in these specimens 
agrees with the description 


t] q 8 2 6 20 4 


given above in Section l. In 
the case of the first specimen 
coincidence of the correspond- 
branches of the loops in the 


80 80 120-60 
Hyp 


Fig.3. Variation of the difference Bo, - Bik section where Hg, = 0 (when 


X 4n(Jo,x - J1ik) with He, in magnetizing in -Jg = Jqg) obtains for all 
the <100>) direction with Bm = 1) 2400, 2) loops with By 214,200 gauss 
6000, 3) 8200, 4) 10,000, 5) 11,900, 6) (the corresponding values for 


14,200, 7) 15,100, 8) 16,100, 


18,300, 11) 18,900 gauss. 


of Bg for the same specimens. 


9) 16,800, 10) the second and third specimens 


are Bm 2 12,100 gauss and Bn = 


It will be seen that the char- 


711,100 gauss, respectively). 
These values agree within the limits of the experimental error with the values 


f 


The value of Jmy can be approximately determined in the following manner: 


| 
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Fig.4. Same as Fig.3 but for magnetization 
in the <110> direction; Bm = 1) 2000, 2) 
HOOD, 3)? -7300, 4)" 9900, 5) 12,100, 6) 12,900, 
7) 13,800, 8) 15,100, 9) 18,000 gauss. 
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800 


0 y 0 100 ‘120 

H Oe 

PH’ 
Fig.5. Same as Fig.3 but for magnetization 
in the <11D direction; B, = 1) 2100, 2) 
5200, 3) 6800, 4) 9200, 5) 10,000, 6) 11,100, 
7) 11,900, 8) 13,700, 9) 16,700, 10) 18,000 
gauss. 


designating the value of He, 
at which Jg = Jy through Hey, 
we have 

Hey = NJy- (10) 

For our specimens N ~ 0.011. 
Assuming Jy * Jg, we find that 
for the first specimen He; ~ 13 
oersted, for the second ~10.5 
oersted and for the third ~9.5 
oersted. From Figs.3,4 & 5 we 
find that the values of Bo, - 

- By, for all the loops of the 
first specimen with B, 218,000 
gauss, all the loops of the 
second specimen with By 2 13,000 
gauss and of the third specimen 
with B, 212,000 gauss coincide 
at the respective indicated 
values of Hex- These values 
are therefore the approximate 
values of 4nJmy for the given 
specimens. They are somewhat 
larger than the values of Bg; 
in the case of the first speci- 
men the difference is approxi- 
mately 20%; in the case of the 
second and third specimens the 
difference is about 10%. 

In these specimens just as 
in those investigated in the 
work of Refs.5-7 there proved 
to be an appreciable magnetic 


hysteresis in the region of very high magnetization (even at J >Jmr) where, 
according to "textbook" theories of reversal of magnetization, it would appear 
that reversal of magnetism should occur only through reversible processes. 
Apparently, this hysteresis is associated with the hysteresis of nucleation 

and vanishing of some forms of “subdomains in the region of high magnetization, 
as indicated by powder pattern (Bitter figure) studies performed in recent years 


by a number of different investigators. 


Faculty of General Physics, 
Ural State University 
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. TEMPERATURE AND ROTATIONAL HYSTERESIS IN FERROMAGNETS 
- L.V.Kirenskii, A.Ia.Vlasov, N,I.Vtiurin, A.I.Drokin, V.F.Ivlev & R.I.Tukalov 


When a magnetic parameter of a ferromagnet does not have a unique value 
for a given value of the external magnetic field, the elastic stress, the angle 
between the field vector and the crystal axes or the temperature but, on the 
| contrary, is characterized by different values depending on the previous hist- 
ory of the specimen or the mode of approach to the given state,we have the ef- 
fect commonly known as hysteresis. It is customary to distinguish between the 
following different types or kinds of hysteresis effects: 

1) ordinary hysteresis effects occurring in cyclic variation of the mag- 
netizing field; in this case the magnetic parameters depend on the previous mag- 
netic history of the specimen; 

2) magnetoelastic hysteresis effects occurring incident to cyclic varia- 
tion of the elastic stresses; the magnetic parameters depend on the previous 
deformation history of the specimen; 

3) temperature hysteresis effects occurring in cyclic variation of the 
temperature; the magnetic parameters in this case depend on the previous therm- 
al history of the specimen; 

4) rotational hysteresis effects developing as a result of cyclic variation 
of the direction of the field vector relative to the crystallographic axes in 
one sense or the other (clockwise or counterclockwise rotation). 

There have been relatively few investigations of temperature magnetic 
hysteresis of magnetization (hereinafter TMHM) , aside from the fundamental work 
of Shur and his co-workers!-3, As for temperature hysteresis of other magnetic 
properties, we have only the studies of Kirenskii & Vlasov# indicating the ex- 
istence of temperature hysteresis of magnetostriction (hereinafter THMS) and 
of Kirenskii & Ivlev® on the temperature hysteresis of the galvanomagnetic ef- 
fect (hereinafter THG). So far only hysteresis losses have been measured in 
rotating magnetic fields; other hysteresis effects in rotating fields have not 
been observed. The present report is devoted to the results of our experiment- 
4 al investigation of temperature hysteresis of magnetization in following the 
: Bicycle (cooling—heating) and temperature hysteresis of magnetostriction and 
the galvanomagnetic effect in following the A cycle (heating—cooling). We 
also discovered and investigated the effect of rotational hysteresis of magneto- 
striction in conjunction with an investigation of the hysteresis loss in rota- 
ting magnetic fields. 


Samples and measurements 
Seale cess ha UE Sala saat oa 


Temperature magnetic hysteresis (TMHM) in the B cycle was investigated on 
e. nickel samples with different demagnetization coefficients. The samples were 
cylindrical and were composed of 99.98% pure Ni. Sample No.1 with a large de- 
magnetization coefficient was 100 mm long and 2.12 mm in diameter; sample No. 
4 2 with a small demagnetization coefficient was 100 mm long and 1.05 mm in 
diameter. For the purpose of relieving the internal stresses the samples were 
subjected to prolonged annealing at 1100° followed by slow cooling in magnetic 
ve shielding. The measurements were carried out on a vertical astatic magneto- 

wv meter provided with magnetic shielding. The vertical components of the earth's 
is magnetic field and other extraneous fields were compensated by means of ap- 

a propriate single layer coils incorporated into the set-up. 
Temperature hysteresis of magnetostriction (THMS) was investigated on a 
wire sample of electrolytic nickel 20.99 em in length and 2 ake in diameter. 
The sample was subjected to prolonged high temperature annealing. Prior to 
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each measurement the sample was h 
and cooled in magnetic shielding. 7erIe 
ried out on a set-up operating on the princip 
expansion of the sample. 
described in Ref.4. 


The measurements comprised four separate series: in series I the parte 
temperature was -183° and the final temperatures were 400, 250, 150 and Os 
in series II the initial temperature was 10° and the final temperatures were 


eated to a temperature above the Curie point 
The magnetostriction measurements were car- 

le of compensating the thermal 

The set-up and photographic recording procedure are 


400, 250 and 150°, in series III the initial temperature was 150° and the eae | 
temperatures 400 and 250° and in series IV the initial temperature was 250° and} 


n 
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Fig.1. TMHM of nickel in the B cycle (cooling— 
heating). Sample No.l. Magnetizing fields: 
a) 0.0065, b) 0.013, c) 0.65, d) 10.4 oersted. 
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Fig.2. TMHM of nickel in the B cycle. Sample 
No.2. Magnetizing fields: a) 0.039, b) 0.65, 
c) 6.5, d) 13.0 oersted. 


the final temperature 400°. 

In all the series the magnetoc 
striction curves were recordeé 
in fields of 1:5, 8, 10,7 22a) 
15; °20, 25) "37.5, 5056 ome 
100 oersted. The experimenta: 
points were obtained at inter" 
vals of 50°. 

Temperature hysteresis 
of the galvanomagnetic effect: 
(THG) was also investigated 
on a nickel sample - a wire 
with a resistance of 25.9 ohm; 
- but in a narrower tempera- 
ture range (18 to 400°) in 
fields of 9, 18, 27; 36, 4a5 
54, 64, 78, 90, 115, 136, 180) 
and 360 oersted. 

Measurements were also 
carried out following the A 
cycle with different initial 
temperatures (18, 25, 50, 75, 
100, 125 & 150°) and differ- 
ent return points (130, 220, 
260 & 380°). 

In order to eliminate 
the influence of the tempera- 
ture variation of the resist- 
ance of the sample a compen- 
sator of the same material 
but carrying a winding posi- 
tioned normal to the field 
vector was connected into 
the second arm of the bridge 
Crircuie. 

Our investigation of 
rotational hysteresis of the 
magnetostriction (RHMS) was 
carried out on an annealed, 
rolled polycrystalline nickel 
disc at 20° in the field 
interval from 100 to 4850 
oersted (diameter of disc 
14.2 mm, thickness 1.02 mm, 
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percent reduction in thickness in rolling 54.7%). 

The magnitude of the magnetostriction was determined by means of a wire 
guage cemented to the sample in the direction of rolling. The torques were 
recorded by means of an Akulov type anisometer. The magnetic field produced 
by an electromagnet was rotated relative to the sample from 0 to 360° forward 
and backward (clockwise and counterclockwise). 

The TMHM, THMS, THG and RHMS measurements were carried out by the method 
of automatic recording of the investigated parameters on photographic film. 
Thus the results of measurements were obtained in the form of magnetograms. 


Results and discussion 


The results for TMHM following the B cycle for sample No.1 are shown in 
Fig.l and for sample No.2 in Fig.2. It will be evident that TMHM is far more 
pronounced in the thick as compared with the thin sample. 

In the case of sample No.1, in contrast to that of No.2, in the curve for 
cooling in fields of less than 1 oersted there is first an increase of magnet- 
yy! ization and then a decrease, so that 
# TMHM appears. In cooling, passage 
through the Curie point is accompanied 
by increase of the magnetization due 
to growth of the spontaneous magnet- 
ization. 

With further cooling, in thick 
samples the higher demagnetization 
coefficient acts to further reduce 
the weak external field. Here the 
. role of the anisotropy energy is en- 
; NN en ne : — ae : hanced so that in displacement of 

9-00 zu 00 0 ae may the domain walls the domain magnet- 

ization vectors are aligned not in 

the direction of the magnetizing 
field but in the directions of easy 
magnetization which may not coincide 
with the orientation of a weak field. 
In stronger fields(and in fact in all 
but the weakest field)in the case of 
samples with a small demagnetization 
coefficient, there is no significant 
drop of the magnetization over the 
heating part of the cycle so that 
the temperature hysteresis is minor; 
in fact in the case of very thin 
samples TMHM in the B cycle is not 
observed. 

The THMS curves for nickel re- 
corded in the first series of 
measurements at different field 
values are shown in Fig.3. It will 
be seen that in fields up to 15 
oersted the curves corresponding to 


Fig.3. THMS of nickel in different 
fields. Measurement series I (see 
text). H= 1) 1, 2) 10, 3) 25, 4) 
37.5, 5) 50, 6) 75 oersted. 


ah 4 


Fig.4. THG in nickel in different 
fields: 1) 78, 2) 64, 3) 54, 4) 45, 
Syeae6) 127 £*7) "185" 8) 9 oersted. 


cooling of the sample lie below the 
curves for heating, i.e., positive 
THMS is observed. It will also be 
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Fig.5. THG in nickel with H = 5.25 and 50 Fig.6. JHGein mos Initial 
oersted. Initial temperature -183°: 1) temperature 18°. Hetus points: 
heating to 400°, 2) cooling from 400°, 3) 260°, 220° and 130°. Fields: 
cooling from 250°, 4) cooling from 15008 1) 18, 2) 36 and 3) 54 oersted. 
5) cooling from TOce 


Fig.7. Field dependence of the maximum temperature hysteresis of mag- 
netostriction for different heating ranges. Initial temperature -183°; 
final heating temperature (return points) : 1) 400°, 2) 2500" 28} 150°, 
4) 10°. 
Fig.8. Temperature dependence of the maximum THMS. Initial temperature 
in all cases -183°; final temperatures: 1) 400°, 2) 250°, 3) 150°, 4) 
L028 


seen that the magnitude of the hysteresis gradually decreases with increasing 
field strength so that in fields of the order of 100 oersted THMS is no longer 
observed. A similar situation was found to obtain for THG (Fig. 4). 

The magnitude of both THMS and THG depend on the initial temperature and 
on the final point of heating (return point), provided this lies below the 
Curie point. This is evident from Figs.5 & 6, from which we see that with de- 
creasing return point temperatures the magnitudes of both THMS and THG decrease. 

It will be clear from the curves shown in Fig.7 that THMS increases 
sharply in fields of the order of 8-10 oersted and then slowly falls off to 
zero. The field values at which THMS vanishes also decrease with decreasing 
end-point heating temperature. A similar picture is observed for THG. 

It was found that the curves for the variation of the maximum THMS as a 
function of the final heating temperature (with the initial temperature kept 


constant) are linear in the temperature range above 10° 


; Which is in agreement 
with the data obtained for THG (Fig.8). In the region of negative temperatures, 
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Fig.9. Automatic photographic record of the curves giving the varia- 

tion of the torque (A) and the magnetostriction (B) of the nickel 

incident to clockwise and counterclockwise rotation of the magnetic 
field. H = 4850 oersted. 


however, the variation deviates from linearity. 
The points of intersection of the curves with 
the temperature axis give the temperature 
values at which THMS and THG disappear. 

In Fig.9 we reproduce by way of illustra- 
tion a magnetogram showing the photographic 
record of the variation of the magnetostriction 

5 aleve aan a re and the torque acting on the specimen during 
rotation of the magnetic field in the plane 


Fig.10. Magnetic hysteresis of rolling. 

loss in rotating fields for The magnetization hysteresis losses per 
a rolled polycrystalline cycle in rotating fields were calculated from 
sample at 20°. the areas between the torque curves. The re- 


sults show that the magnetic hysteresis loss 

in rotating fields of from 1000 to 2500 oersted is correctly described by the 
theory of Akulov®, Our results generally substantiate the experimenta data 
of Baskakov & Briukhatov’, Sarapkin® and other investigators, indicating that 
with increasing magnetic field strengths the loss increases up to a certain 
limit and then start to decrease (Fig.10). We found, however, that the hystere- 
sis loss does not disappear entirely in strong fields, but on the contrary ex- 
hibits a tendency to growth at very high field values. 

As noted above, we established the existence of rotational hysteresis of 
magnetostriction (Fig.9). Analysis of the magnetostriction magnetograms shows 
that both the magnetostriction itself and RHMS increase with increasing field 
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strength from 100 to 1000 oersted and then | 
with further increase in field strength 
asymptotically approach a maximum “satur- 
ation” value. 


Krasnoiarsk State Pedagogical Institute 
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HYSTERESIS LOSSES IN ROTATING MAGNETIC FIELDS IN A MAGNETITE SINGLE CRYSTAL 
BEFORE AND AFTER PHASE TRANSITION 
- N.L.Briukhatov 


Introduction 


Since Weiss' studies! of the magnetic properties of magnetite single 
crystals, studies that led to the discovery of magnetic anisotropy, there 
have been numerous investigations2~? which have resulted in the discovery of 
the low temperature phase transition in magnetite single crystals and deter- 
mination of their crystal structure$-16, 

Of particular importance in this field is the work of Néel17 who explained 
the magnetic properties of magnetite on the basis of the concepts of antiferro- 
magnetism. Néel's hypotheses have been substantiated by neutron diffraction 
studiesl8-20, These studies confirmed the existence of two groups of magnetic 
cations with antiparallel spin orientations. 

It is of obvious interest to investigate the problem of the interaction 
of these spins with the crystal lattice. The process of transition of the 
spin from coupling with the lattice to coupling with the external field can 
be followed by observing the hysteresis losses in rotating magnetic fields.21 
This, then, was the purpose of the present investigation. 


Experimental part ; 

The experiments were carried out on a Ural magnetite single crystal cut 
to a 10.4 mm diameter sphere. The crystal was rounded by the method of A.V. 
Shubnikov with his kind assistance. 

The magnetic anisotropy of the crystal and hysteresis losses in rotating 
magnetic fields were determined by the method of measuring the torque on a mag- 
netic dynamometer (Fig.1}). The measurements were carried out at room tempera- 
ture and at the temperature of liquid nitrogen 
in magnetic fields ranging from 10 to 10,000 
oersted. The torque curves were recorded for the 
(100) plane. The measurements showed that at 
room temperature the magnetite single crystal 
has eight directions of easy magnetization. Its 
first anisotropy constant at +15° has the value 
Kj = -1.4+10° erg em-3. The corresponding torque 
curve is shown in Fig.2. 

The experiments showed that the character 
of the magnetic anisotropy of the crystal in the 
(100) plane does not change, i.e., that the [110] 
axis remains the direction of easy magnetization 
both at room temperature and when the crystal is 
cooled below the phase transition point in the 
absence of an external magnetic field. The char- 
acter of the magnetic anisotropy does change when 
the crystal specimen is cooled in a strong mag- 
netic field. Then, instead of eight directions 
of easy magnetization there appears only one axis 
of easy magnetization. This axis is oriented 
parallel to the edges of the cubic lattice clos- 
Fig.l. Magnetic structure est to the direction of the applied magnetic 
dynamometer. field. These results were obtained by the author 
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Fig.2. Torque curve for the magnetite 
single crystal in the (100) plane at 
15° and H = 3500 oersted: 1) forward 
rotation (clockwise), 2) reverse ro- 
tation. 
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Fig.3. Variation of hysteresis loss 

(Qrot) at room temperature and vari- 
ation of the maximum torque (M) with 
increasing field strength. 


Results of hysteresis loss measurements 


Measurements of the hysteresis loss Qyot in a rotating magnetic field at 
room temperature showed that the character of the variation is similar to that 


observed in nickel single crystals2l, 


The hysteresis loss has a maximum at a 


field value of 1000 oersted (8.5 erg cm73) and falls to zero at a field of 
about 2000 (Fig.3) when rotation processes begin, which is in agreement with 


the theory of Akulov22, 


Results of hysteresis loss measurements at liquid nitrogen temperature 


The development of hysteresis losses in a rotating magnetic field at 
temperatures below the phase transition temperature in a magnetite single crys- 


tal is more complicated than at room temperature. 


M 10-4, erg/om® 


Re KK 


6 * 


> # 


Fig.4. Torque curves recorded at -195° 
and H = 70 oersted: a) cooling in a 
magnetic field, b) cooling without a 
magnetic field. 


In the case of cooling not 
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Fig.5. Torque curves recorded at 
-195° and H = 1000 oersted; a) and 
b) same as in Fig.4. 7 
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Fig.6. Torque curves recorded at -195° 
and H = 1500 oersted; a) and b) same 
as in Fig.4. 
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Fig.8. Torque curves recorded at -195° 
and H = 3000 oersted; a) and b) same 
as in Fig.4. 
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Fig.9. Torque curves recorded at -195°9 
and H = 6000 oersted; a) and b) same 
as in Fig.4. 
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Fig.7. Torque curves recorded at -195° 
and H = 2000 oersted; a) and b) same 
as in Fig.4. 


in a magnetic field, when the [110] 
axis remains the direction of easy 
magnetization, the hysteresis loss 
increases rapidly with increasing 
magnetic field strength and passes 
through a maximum (70°103 erg em7 3) 
at a field of about 1000 oersted; 
with further increase in the field 
strength the hysteresis loss de- 
creases but does not go to zero. 

At a field of about 3000 oersted the 
loss amounts to only 20-10% erg em73, 
from which point the loss begins to 
increase attaining the extremely 
high value of about 476°10% erg cm73 
in a field of 10,000 oersted. 

The torque curves recorded at 
-195° in different fields of up to 
10,000 oersted with the crystal 
cooled without a magnetic field are 
shown in Figs.4-10. The starting 
position of the crystal was with 
one diagonal of the lattice cube 
face in line with the magnetic field, 
which corresponds to the distribu- 
tion of the eight directions of easy 
magnetization along the space dia- 
gonals of the cube at room tempera- 
ture. The areas between the curves 
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recorded for forward (clockwise) and 
reverse rotation of the magnetic field 
give the value of the hysteresis loss. ~ 
The variation of the hysteresis 
loss with field strength is shown in 
Fig.11 (curve a). For purposes of 
comparison we give the variation of 


Fig.10. Torque curves recorded 
and H = 10,000 oersted, a) and 
as in Fig.4. 


r) 3 -3_ 
B+ l0 jee Gin “See 

400 

60 

320 

280 

240 

200 

160 

120 

80 

40 

a 
a 2 q 6 8 10-10 
1.0¢ 

Fig.11. Variation of the 


hysteresis loss in rotating 
fields in the magnetite single 
crystal specimen: a) hystere- 
loss at -195° in the case of 
cooling in the absence of a 
magnetic field, b) hysteresis 
loss at -195° in the case of 
cooling in a magnetic field, 
c) hysteresis loss at room 
temperature. For purposes 

of comparison all the curves 
have been plotted to the same 
scale. 


the hysteresis loss at room tempera- 
ture plotted to the same scale (curve 
¢ int Ele.i2). 


Cooling of the crystal ina 
magnetic field 


at -195° 
b) same 
The crystal was cooled in a mag- 
netic field of 10,000 oersted prior to each 
series of measurements. The 10,000 oersted 
magnetic field was applied at room temperature 
with the crystal positioned with the (110) axis 
in the direction of the field. Then the Dewar 
flask containing liquid nitrogen was raised in- 
to position. Upon immersion into the liquid 
nitrogen, the crystal was sharply rotated to 
bring the edges of the cube parallel to the 
field direction and fixed in this position. 
This rotation of the crystal is shown schemati- 
cally at the lower left in Figs.4-10. Then 
the magnetic field was reduced to the desired 
value and the torque curves recorded. It will 
be seen that these curves have a period of 180° 
which indicates that the crystal was transform- 
ed to a magnetically uniaxial one. The ampli- 
tude of these curves is much greater than the 
amplitude of the torque curves recorded with 
the crystal cooled in the absence of a field. 
As the areas between the forward and re- 
verse curves show, the value of the hysteresis 
loss has a maximum at a field value of about 
1500 oersted; the loss in this field is 44-103 
erg em73 per cycle. From H = 3000 oersted the 
areas between the curves disappear, i.e., the 
hysteresis loss goes to zero. The variation 
of the hysteresis loss with the field strength 
in the case of a crystal cooled in a magnetic 
field is shown by curve b in Fig.1l. 


Conclusions 


The exceptionally great increase in 


hysteresis loss in strong rotating magnetic fields cannot be explained from 
the standpoint of the conventional theories and concepts of ferromagnetism. 
The transformation of the torque curves in the (100) plane to sinusoidal 
form with a x/2 period is connected with transition from coupling of the mag- 
netization vector with the crystal lattice to coupling of the magnetization 
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vector with the external magnetic field as the latter is increased. The hys- 
teresis loss attains a maximum in fields in which the character of the spin 
coupling changes. In saturation fields when the spin is coupled exclusively 
with the external magnetic field the hysteresis loss goes to zero. It has 
been established by the neutron diffraction studies of Shull and his co- 
workers1!8~-20 that in magnetite FeSt (Fe3tFe2t) 02- the spins of the trivalent 
cations located at the tetrahedral interstices between the oxygen ions are 
antiparallel to the spins of the bivalent and trivalent cations located at 

the octahedral interstices, which is in accord with Nel's antiferromagnetism 
theory of two sublattices. In the light of these concepts one can attempt to 
explain the increase of the hysteresis loss in strong magnetic fields in the 
magnetite crystal cooled in the absence of a magnetic field. Under the influ- 
ence of the low temperature there occurs a redistribution of the electron densi- 
ty in the lattice without the cations exchanging places, as a result of which 
we have a change not only of the character of the binding forces in the lattice 
(leading to transition from the cubic to the orthorhombic symmetry) but also a 
change of the strength of the coupling of the spins with the crystal lattice, 
i.e., a change in the anisotropy. At low temperature the change in the coupling 
of the trivalent cations located at the tetrahedral positions with the crystal 
lattice may be such that for these spins the transition from coupling with the 
lattice to coupling with the external field will only begin at the intensity 

of the magnetic field in which this transition is already virtually completed 
for the spins of the cations located at the octahedral positions. As the upper 
curve (a) in Fig.11 shows, this is the variation exhibited by the hysteresis 
loss in fields of about 3000 oersted. 

Cooling of the crystal in a magnetic field presents a special case. The 
very high value of the torques in this case (see Figs.4-10) indicates a strong 
increase of the normal components of the magnetization of the crystal as com- 
pared with the normal magnetization component obtained in the case of cooling 
in the absence of a magnetic field (at the same field values). This increase 
of the normal magnetization component, as indicated by the ratio of the cor- 
responding torques, in fields of 6000 to 10,000 oersted is close to the ratio 
of the sum of the magnetic moments of all the Fe2* and Fe3t cations (14 Up) to 
the magnetic moment found experimentally by Weiss & Forrer2 (4.08 Lp) - 

Calhoun's investigation3 of the temperature dependence of the magnetization 
of magnetite indicates that the uncompensated antiferromagnetism (see nNée1l%, 
which exists in magnetite crystals both at room temperature and at low tempera- 
tures if the cooling is carried out in the absence of a magnetic field, should 
also persist to a significant extent when the crystal is cooled in a strong 
magnetic field. The sharp increase of the normal component of magnetization 
in this case indicates that in cooling in a magnetic field there must occur 
an appreciable change of the anisotropy in connection with orthorhombic dis- 
tortion of the lattice. Assuming that the change in the character and strength 
of the magnetic anisotropy in this case is such that the magnetic moments of 
all the Fe2t and Fe3t cations can simultaneously switch to complete coupling 
with the relatively strong magnetic field, one can explain the diminution to 
zero of the hysteresis loss in rotating magnetic fields when the deep cooling 
is realized under the continuous influence of a strong magnetic field. 

Faculty of Physics, 
Moscow Institute of Railroad Engineers 
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INFLUENCE OF ELASTIC STRESSES AND THERMOMECHANICAL TREATMENT ON THE 
MAGNETIC PROPERTIES OF HIGH COERCIVITY ALLOYS 


- Ia.S.Shur, M.G.Luzhinskaia & L.A.Shubina 
Introduction 


It is now commonly accepted that the magnetic structure of “hard" (high- 
coercivity) materials differs substantially from the magnetic structure of 
magnetically ‘soft materials. Consequently, there is good reason to assume 
that physical factors capable of altering the magnetic structure of ferromag- 
nets will exert a different influence on magnetically hard as compared with 
magnetically soft ferromagnets. Until now the influence of diverse factors 
has been investigated experimentally and theoretically only as regards soft 
materials. Thus the work of Refs.1 & 2 was devoted to a detailed investiga- 
tion of the influence of unilateral elastic stresses and thermomechanical 
treatment on the magnetic properties of a large number of different soft 
magnetic materials. Little attention was paid to high-coercivity materials. 
In light of the general concepts concerning the magnetic structure of high- 
coercivity alloys, it may be assumed, however, that in some cases these fact- 
ors may exert an appreciable effect on their properties. These considerations 
induced us to undertake the present work which was devoted to experimental in- 
vestigation of the influence of elastic stresses (tensile and torsional) and 
of thermomechanical treatment on the magnetic properties of some high-coercivi- 
ty alloys. The thermomechanical treatment consisted of applying elongating 
loads to the specimens during heat treatment designed to produce the crystal 
structure corresponding to the high-coercivity state. 


1. Specimens 


In selecting the alloys for experimentation we turned to materials with 
a high elastic limit inasmuch as in such cases one might expect the greatest 
change in magnetic properties under the influence of stress. In addition it 
was desirable to have the possibility of preparing samples with a small cross 
section (i.e., in the form of thin wires or narrow strips) so as to be able 
to operate with readily realizable absolute loads. These requirements are 
satisfied by the chosen alloys of the Fe-Co-V and Fe-Mn systems. The Fe-Co-V 
alloys contained 8, 12 and 14% V and 52% Co; the Fe-Mn alloy contained 15% Mn. 
In these alloys the high-coercivity state is obtained by cold deformation of 
the specimens followed by annealing at temperatures of 500 to 600°, 3-5 

The investigated specimens were in the form of wires 0.1 and 3.0 mm in 
diameter and 50 to 80 mm in length. The degree of reduction obtained in the 
process of cold drawing was 75 to 98%. The specimens were subjected to con- 
ventional annealing at temperatures up to 700°. In the case of thermomechanic- 
al treatment the specimens were heated to temperatures in the same range and 
simultaneously subjected to different tensile loads (up to 90 kg/mm) . After 
the thermomechanical heat treatments we determined the magnetic character- 
istics (magnetization curves, hysteresis loops), the longitudinal magneto- 
striction and resistivity and evaluated the influence of elastic stresses on 
the magnetic properties of the specimens. In addition, we carried out measure- 
ments on specimens stressed in torsion. 
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2. Influence of elastic stress 
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Fig.1. Influence of elastic elongation on 
the magnetization curves recorded for a 
Vicalloy specimen. The respective loading 
values for curves 1-9 are o = 0, 10, 21, 
32, 42, 53, 64, 74 and 85 kg/mm2, 
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Fig.2. Variation of the demagnetization 
branch of the hysteresis loop and the 
magnetic energy curve for a 0.1 mm dia- 
meter Vicalloy specimen. The respective 
load values for curves 1-7 are 0 = 0, 51, 
101, 152, 203, 254 and 305 kg/mm2, 


loading. 


Thus in the case of the unstressed specimen Hog = 
with a load of 85 kg/mm? applied to the specimen He = 


Fig.1 shows the influence of 
elastic stress (0) on the magnet- 
ization curves of a Vicalloy speci- 
men (12% V + 52% Co + 36% Fe) 0.5 
mm in diameter, annealed for one 
hour at 575°. It will be seen that 
the character of the magnetization 
curves changes under the influence 
of elastic stresses: with increas- 
ing elastic stress the steep rise 
of the magnetization curve begins 
at higher field values and, ac- 
cordingly, saturation is also at- 
tained at higher values of the mag- 
netizing field. 

Fig.2 shows the influence of 
elastic stresses on the demagnet- 
ization branch of the hysteresis 
loop and the magnetic energy curve 
for a specimen of the same compo- 
sition 0.1 mm in diameter. It 
will be seen that elastic stresses 
produce a very marked increase of 
the coercive force H, and the maxi- 
mum magnetic energy (BH), and a 
significant increase of the reman- 
ence BR. In the absence of a ten- 
sile load this specimen was charac- 
terized by H, = 280 oersted, BR = 
= 12,000 gauss and (BH) max = 
= 2.3106 gauss-oersted. Under a 
tensile load of 305 kg/mm2 the 
respective values were H, = 880 
oersted, Br = 12,500 gauss and 
(BH) max = 7-7°10© gauss+oersted. 

It should be noted that the steeply 
rising section of the curves in 
Fig.1 corresponds to fields close 
to the value of H, for the given 
330 oersted, while 
480 oersted. 


The demagnetization branches of the hysteresis loop of a Vicalloy 0.3 mm 


diameter specimen annealed for 30 min at 550° are reproduced in Fig.3. 


Curve 


a was obtained for an unstressed specimen, curve b was obtained on a specimen 
elongated by a load of 45 kg/mm? and curve c was obtained for a specimen stres- 


sed in torsion (3.79 twist per 1 mm length). 


It will be evident from the 


curves that deformation by torsion, just as deformation by elongation, increas- 


es the coercive force. 


On the other hand, the remanence Br decreases under 


the influence of torsion, while in the case of stretching it increases (com- 


pared with the unstressed specimen). 


Analogous regularities were observed in the behavior of the specimens of 


the other investigated alloys. 


~— 
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3. Thermomechanical treatment 


Figs.4 & 5 show the magnetization curves, the demagnetization branches of 
the hysteresis loops and the magnetic energy curves obtained for specimens of 
Vicalloy 0.1 mm in diameter annealed for 1 hour at 560° with different tensile 
loads (04) applied to the specimen during annealing. 
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Fig.3. Demagnetization branches of the 


hysteresis loop of a Vicalloy specimen: 


a) specimen not subject to stress, b) 
specimen stretched by a 45 kg/mm2 ten- 
sile load and c) specimen twisted 3.7° 
per mm length. 
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Fig.5. Influence of thermomechanical 
treatment on the demagnetization 
branches of the hysteresis loops and 
the magnetic energy curves of Vicalloy 
(curve designations same as in Fig.4). 
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Fig.4. Influence of thermomechanic- 
al treatment on the magnetization 
curves of Vicalloy. Stress 0, 
applied during annealing: 1) 0, 

2) 20, 3) 30, 4) 40, 5) 60 kg/mm2. 
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Fig.6. Influence of thermomechanic- 
al treatment on the principal mag- 
netic characteristics of Vicalloy. 


As may be seen from the fig- 
ures, with increasing load during 


annealing, up to a stress of 30 kg/mm? there is observed a displacement of the 
magnetization curve to the side of higher fields, an appreciable increase in 
He (from 450 to 570 oersted) and a small increase in Br; in the process the 


value of (BH)max increases from 3.1°106 to 3.8-10% gauss:oersted. 


With further 


increase of the load up to 60 kg/mm2, the magnetization curves become less 


steep, Br decreases, as does (BH) max: 


At about 40 kg/mm2, H, stops increasing 
and begins to decrease with increasing load during annealing. 


The saturation 


magnetization remains fairly constant up to loads of 30 kg/mm? and with further 
increase of the tensile stress applied during annealing begins to decrease. 
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The variation of the principal magnetic characteristics of the Vicalloy speci- 
mens with the magnitude of the stress applied during annealing is shown in 
Fig.6. 
Thus our results show that the magnetic properties of specimens annealed at 
the same temperature differ appreciably depending on the load applied in the 
process of annealing. It was established that increasing the annealing tempera- 
ture leads to a reduction of the stress value at which the decrease of satura- 
tion magnetization and Br begin as well as of the load at which the maximum 
value of He is attained. Increasing the annealing time at a given temperature 
has approximately the same effect as raising the annealing temperature. 

Similar regularities were established for the other investigated alloys. 
The optimal values of the load, temperature and annealing time at which the 
highest values of H, and (BH) pax are obtained differ for alloys of different 
composition. 

The magnetic properties of Vicalloy can be significantly enhanced by appro- 
priate thermomechanical treatment. Whereas after conventional treatment at 
optimal conditions specimens of different diameters have values of He from 
400 to 450 oersted and (BH) y,, from 2-106 to 3-106 gauss:‘oersted, after appro- 
priate thermomechanical treatment one can obtain He = 500 to 550 oersted and 
(BID as = 3-4-109 gauss-oersted. The material with enhanced properties has 
been called "termekhvako" [= termechvaco] (thermomechanically treated vanadium- 
cobalt alloy). The best samples of the thermomechanically treated material 
have (BH) max = 4,2-10° gauss-oersted with He = 570 oersted and Br = 10,400 
gauss. 


4. Discussion 


The observed regularities can be explained if we assume that the investiga- 
ted alloys in the magnetically hard state have a single domain structure so 
that technical magnetization is realized primarily by domain rotation processes. 
In this case the magnetic characteristics will be determined by the magnitude 
of the total magnetic anisotropy. 

Under the influence of elastic elongation or torsion the total magnetic 
anisotropy increases which leads to hindering of the technical magnetization 
processes. As a result with increasing stress the magnetization curves are 
displaced to the side of higher fields and the value of Hg increases. The in- 
vestigated materials in the high-coercivity state have a pronounced longitudin- 
al magnetic texture, as is evident from the value of the ratio Jp/Jg (attain- 
ing 0.9); this is apparently connected with the presence of crystallographic 
structure. Under the influence of elastic elongation the degree of longitudin- 
al texturing (uniform orientation) increases; because of this the remanence BR 
increases. In the case of torsion there arise stresses oriented at an angle 
of 45° to the axis of the specimen; these stresses produce partial disintegra- 
tion or disorientation of the longitudinal magnetic structure so that in the 
case of torsion Br decreases. 

In the process of thermomechanical treatment the tensile loads exert an 
influence on the character of the structural transformations during the anneal 
Small loads do not change the phase composition of the alloy (Jg remains con- 
stant), but even in the case of small loads there occurs an <cee of H 
which in all probability, as in the case of elastic stresses, is ceenre 
with an increase of the total magnetic anisotropy of the i Pe Under the in- 
fluence of small loads during annealing there occurs a change of the longitudin- 
al magnetic structure leading to an increase of BR- ‘ 
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Heavy loads have an appreciable effect on the phase composition of the 
alloy; there occurs an additional transformation of the ferromagnetic phase 


to the nonferromagnetic, accompanied by a decrease of the saturation magnet- 
ization, Br and He. 


Conclusions 


Elastic stresses and thermomechanical treatment (loading during annealing) 
exert an appreciable influence on the magnetic properties of some high co- 
ercivity alloys. By virtue of this one can appreciably increase the values 
of He and (BH) max of some alloys. Thus in the case of the alloy consisting 
of 12% V + 52% Co + 36% Fe (Vicalloy) one can through appropriate thermomechan- 
ical treatment increase the value of the coercive force He by 25% and of (BH) max 
by 40%. In the presence of tensile stresses Hg and (BH)mgx of Vicalloy may in- 
crease several fold. The observed regularities in the variation of the magnet- 
ic properties of the investigated alloys under the influence of elastic stresses 
and thermomechanical treatment are explicable in the light of present day con- 
cepts regarding the magnetic structure of high-coercivity materials. 
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Ural Branch, USSR Academy of Sciences 


References 


1. S.V.Vonsovskii & Ia.S.Shur, Ferromagnetizm (Ferromagnetism), M., 1948. 
2. Ia.S.Shur, Izv.,AN SSSR, Ser.fiz., 11, 570 (1947). 

3. E.A.Nesbitt, Met.Techn. 13, 2 TP, 1973 (1946). 

4, W.Jellinghaus, Techn.Mitteil.Krupp, Forschungsber., 12, 257 (1941). 

5. B.G.Livshits, Izv.AN SSSR, Ser.fiz., 12, 116 (1948). 


* * * * * * * 


MAGNETIZATION VISCOSITY OF Ni-Zn FERRITES WITH FREE VARIATION OF THE 
MAGNETIZATION (Abstract*) 
- I.A.Lednev & R.V.Telesnin 


A new technique was developed for measuring the magnetic viscosity by 

means of an electronic control circuit and a pulse oscillograph; the curve 

of the emf produced by viscous changes of magnetization is observed on the 
oscillograph screen. The magnetic viscosity of a series of commercial Ni-Zn 
ferrites in the temperature range from 73°K to the Curie point has been in- 
vestigated. It was found that both the fast and slow parts of the viscosity 
can be described by variants of the formulas characterizing the first rule of 
magnetic viscosity. 


Department of Physics, 
Moscow State University 
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ON THE DECAY OF MAGNETIC PERMEABILITY IN SILICON IRON 
- Iu.S.Vail’ 


Despite the fact that there have been numerous investigations devoted to 
magnetic viscosity, one cannot say that the nature and regularities of this 
effect have been fully clarified. Specifically, the question of the decay 
with time of the reversible permeability has been little studied; there is 
virtually nothing in the literature on this subject except the semiqualitative 
investigations of Snoek! and Ianus & Drozhzina? and the somewhat later work of 
Fahlenbrach®, Moreover, most of the investigations of magnetic viscosity have 
been carried out in a rather narrow time range, extending over only one or two 
orders of magnitude, so that the regularities of the variation of the perme- 
ability or magnetic induction with time could not be clearly brought out. 

We undertook an investigation of the decay with time of the reversible per- 
meability in silicon iron; in designing the experiments we took pains to en- 
compass as wide an interval of times, temperatures and magnetic fields as 
feasible. The decay was investigated in specimens of silicon iron of the type 
used for the cores of industrial transformers. Most of the experiments were 
carried out on KhVP type iron (formerly designated ''Hypersil”) in the form of 
a 0.08 mm wide ribbon; we also investigated the effect in ordinary silicon 
steel containing 3.5% silicon (thickness 0.35 mm) and Armco iron. 

We used the following procedure in order to be able to record rapidly oc- 
curring changes of the permeability. A small coil was wound about the speci- 
men and this was connected into a T-circuit inductance bridge. The bridge was 
supplied from an audio-frequency oscillator through a high resistance (100 
kiloohm) so that only a very weak current flowed through the coil. The field 
produced by this current was less than 20 microoersted and hence could have no 
significant effect on the magnetic state of the sample. The signal from the 
output of the bridge was amplified by a wide-band linear amplifier, detected 
by a germanium diode and viewed and recorded by means of a loop oscillograph. 
Prior to each experiment the set-up was calibrated so that the change in in- 
ductance of the coil and, consequently, the change in permeability of the speci- 
men could be determined directly from the deflection of the oscillograph beam. 
In view of the low value of the alternating field produced by the coil the 
permeability measured in this fashion could be identified with the reversible 
permeability p,. 

By means of the described procedure it was possible to detect changes in 
permeability beginning with several milliseconds after changing the state of 
the specimen (altering the field), but in the experiments we started observa- 
tion only 0.1 sec after the field change in order to eliminate fully the in- 
fluence of eddy currents and the time constants of the circuits. In prolonged 
experiments when the permeability changed slowly, the oscillograph was replaced 
by a microammeter and the permeability measurements were made by the usual 
null method. 

As is known in the case of induction measurement by a T-circuit bridge 
the inductance L is found from the relationship 


uf 
2Gu2 


where G is a standard capacitance. Hence the accuracy of measurement of L 
depends primarily on.the accuracy of frequency determination. 


In our set-up the frequency was measured directly: the signal from the 
oscillator was applied to a trigger scaling circuit with a 1:64 scaling ratio 


L= 


(1) 
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and the output pulses were counted by an electromechanical register. Asa 
result it was possible to detect reliably changes in permeability of the order 
of 0.05%. 

In order to eliminate magnetic interference, the specimen was surrounded by 
a double sheath of soft iron. This sheath also served as the thermostat 
housing; the temperature was maintained constant to within 0.05°, 

The current for magnetizing the specimen was supplied by storage batteries. 
By means of appropriate switches and rheostats one could realize any desired 
sequence of magnetic fields. In addition, in part of the experiments the mag- 
netization was carried out by means of a special trigger circuit which yielded 
rigorously square current steps with a rise time of <10 usec. Under the condi- 
tions of our experiments, however, this switching procedure did not result in 
any differences as compared with closing and opening the magnetizing circuit 
by means of ordinary knife switches. 

The procedure employed in most of the experiments was the following. After 
the specimen had come to the desired temperature, it was magnetized almost to 
saturation (in a field of about 50 oersted). After being held in this state 
for awhile, the field was almost instantaneously changed to the desired value, 
bringing the specimen to the selected point on the descending hysteresis loop. 
Measuzements of the permeability, as described above, started 0.1 sec after 
thus changing the magnetic state of the specimen. Part of the experiments 
were carried out with the specimen initially in a demagnetized state, i.e., 
following the normal magnetization curve. In such cases the specimen was held 
in the demagnetized state for a sufficiently long time (several hours to sever- 
al days) for all the viscosity processes to go virtually to completion. 

A decrease with time of the reversible permeability was observed in all 
the investigated specimens of silicon iron and Armco iron. It is interesting 
to note that the general character of the effect was similar in different 
samples despite the rather appreciable differences between their magnetic 
properties. The magnitude of the decrease in different samples amounted to 
20 to 70% relative to the stable value of the permeability. 

At temperatures above 0° the major part of the change in permeability oc- 
curs during the first seconds (or even fraction of a second) after alteration 
of the external field. Thereafter the rate of decay of the permeability slows 
down appreciably so that a virtually stable state is attained only after many 
hours or even days. 


Temperature dependence of the decay of reversible permeability 


Although the temperature dependence of the magnetic viscosity has been 
studied in some detail, there is no unanimity of opinion regarding the charac- 
ter of this dependence. Most authors consider that the magnetic aftereffect 
is strongly temperature dependent, but Hizimura* and others assert the op- 
posite. As for the decay of reversible permeability, as far as we know it 
has never been studied from this viewpoint. 

Our investigations in the temperature range from -50 to 100° showed that 
there is a very strong temperature dependence of the decay of reversible per- 
meability. The curves shown in Fig.1 are typical of the results obtained. 

It is noteworthy that all the curves pertaining to different temperatures can 
be superposed by shifting them along the x-axis which is laid off in a loga- 
rithmic time scale. It follows that the rate of decay of permeability is 
characterized by the factor e777, where 7, is a constant having the meaning 
of activation temperature. A similar dependence for the rate of change of the 
residual reduction was found by Richter®. 
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Fig.l. Decay of permeability 
in KhVP iron (Hypersil) at 
different temperatures. 
After demagnetization of 
the specimen a field of 
0.06 oersted was switched 
On -atat = 50. 
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A surprising and interesting result of the 
investigation was the virtually identical value 
of the activation temperature for all the in- 
vestigated samples despite the appreciable dif- 
ferences between their chemical compositions 
and magnetic properties. In all cases the deter- 
mined values of the activation temperature fell 
petween 9600 and 10,800°K; the spread is within 
the limits of the experimental error. Virtually 
the same value (10,200°K) was obtained by Richter 
for carbonyl iron. 

It is interesting that a change in tempera- 
ture alone without changing the field may cause 
decay of the permeability. The magnitude and 
character of the effect in this case are equal 
to the change in permeability occurring after 
removal or application of a magnetic field. 

This effect can readily be explained by means 

of the concepts developed by Shur and his co- 
workers for interpreting thermomagnetic hystere- 
sis. 


Influence of the external field strength 


Fig.2. Decay of permeability 
in KhVP iron (Hypersil) at 
different values of the ap- 
plied field. At t = O the 
field was changed from 45 
oersted to the value indi- 
cated at each curve. The 
measurements were made at 
Oc, 


The influence of field strength on the 
magnetic viscosity has not been adequately in- 
vestigated. Most authors merely indicate that 
the greatest magnitude of the aftereffects is 
attained in fields in which the differential 
permeability is maximal. In recent years the 
question has been investigated in greatest de- 
tail by Telesnin® who established the so-called 
“first rule of magnetic viscosity". According 
to this rule the rate of change of magnetization 
is always inversely proportional to the differ- 
ential permeability or as Telesnin himself 
formulated it: the relaxation time of magnetic 
aftereffects is proportional to the differential 
susceptibility. Our investigation of the decay 
of the reversible permeability in different 
fields showed that the rate of decrease in perme- 
ability with time in all fields is in general the 
same (Fig.2). The change in permeability can 
always be described by the formula 


Au = apf(t), (2) 


where f(t) is a certain function of the time de- 
pending only on the temperature and properties 
of the specimen but not on the strength of the 
applied magnetic field and ay is a coefficient 
dependent on H. This regularity holds at all 
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temperatures and in all field values from 0 to 45 oersted (no measurements 
were made in stronger fields). It follows therefore that the relaxation time 
for the decay of reversible permeability is the same for all field values 
which, of course, is in direct contradiction to Telesnin's "first rule of 
magnetic viscosity''. Inasmuch as the decay of permeability must basically be 
of the same nature as the lagging change in magnetization, it would appear 
that the validity of the above “rule” is questionable. 

Thus only the absolute value of the decrease in permeability (and not 
the relaxation time) depends on the applied field. This functional dependence 
proved to be simple: 


A= kya, (3) 


where k is a coefficient dependent only on the properties of the specimen. An 
analogous formula was derived theoretically by Néel’?. Thus it may be asserted 
that the magnetic viscosity is proportional to the reversible permeability and 
not to the differential permeability as most investigators assume. 

: In the experiments described above, the sample was brought into the 
lower-field state from a state close to saturation. In other experiments 

the initial state was an intermediate state characterized by a field value H'. 

Inasmuch as the magnetic viscosity is presumably associated with processes 
developing in the ferromagnet after its transition into the new state of mag- 
netization, it may be assumed that the viscosity measured after some change 
of the field will be determined only by the final and not by the initial state 
of the specimen, or, in other words, will not depend on the amplitude of the 
abrupt change in field strength AH (Telesnin's ‘second rule"). This "rule" 
was actually found to hold for values of AH up to 0.02 oersted. In the case 
of smaller changes, however, the absolute magnitude of the increase in perme- 
ability decreases (at OH < 0.002 oersted the aftereffect becomes undetectable). 
The relative rate of decrease of permeability, however, does not change, which 
again is in conflict with Telesnin's data. If the sign of AH is opposite to 
that of the preceding field change, the decrease in permeability becomes un- 
detectable at AH < 0.006 oersted. This disappearance of decay of permeability 
in the case of small changes in field strength appears to be natural inasmuch 
as in this case the character of the change in the magnetic state of the 
specimen is reversible. 

We observed another interesting phenomenon: in experiments with small 
changes in field strength (AH = 0.004 to 0.008) - in contrast to the experi- 
ments involving a large change in field strength - the decrease in permeabili- 
ty fluctuated from experiment to experiment, differing sometimes by an ap- 
preciable factor. Moreover, for some 5 to 30 seconds after the change of 
field there were observed spontaneous jumps of the reversible permeability: 
the permeability increased sharply by 5-15% and then decreased in the same 
way as immediately after alteration of the applied field. In this case, ap- 
parently, the changes in energy due to the change in field strength were of 
the same order of magnitude as the energy of the potential barriers in the 
path of the domain walls so that conditions favorable to fluctuation obtained. 


Decay of permeability upon the application and removal of elastic stresses 
pecay O01 permed) ee Ee TTT eee 


The application of stresses producing regroupment of the spontaneous mag- 
netization domains should presumably be accompanied by aftereffects. In our 
experiments we found that the application or removal of a load was accompanied 
in silicon iron samples by the same decrease of the reversible permeability as 
was observed upon changing the field. The rate of decrease of the permeability 


and the temperature dependence o 


the absolute magnitude of the ef 
The magnitude of the load in the range from 1.2 


only about half as large. 
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f the effect were the same in both cases, but 
fect under the influence of stress changes was 


down to 0.04 kg/mm made no appreciable difference, but with the application 
of smaller loads the magnitude of the effect decreased and at a load of 0.004 


kg/mm? no aftereffect was detectable. 


Presumably the decrease of permeability 


observed by a number of authors incident to vibration or impact can be explain- 
ed by this stress aftereffect inasmuch as vibration or impact is equivalent to 
application and removal of stresses. 


Influence of strain hardening and heat treatment 
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Fig.3. Influence of strain 


hardening on the decay of 
reversible permeability. 
Sample of transformer steel. 
The strain hardening was 
produced by stretching 

with a load of about 40 
ke/mm?; 1) before deforma- 


tion, 2) after strain harden- 


ing, 3) after annealing at 
9009. The 57 oersted mag- 
netizing field was cut off 
at t= 0. T= 0°. 


decay of permeability. 


Many investigators have noted that the 
character of the mechanical or heat treatment 
to which a ferromagnet is subjected exerts a 
strong influence on the magnetic aftereffects, 
The influence is particularly strong where 
plastic deformation is concerned. Cold work- 
ing (strain hardening) generally drastically 
reduces or wholly eliminates magnetic viscosity. 
We obtained the same results for the reversible 
permeability, but there is another significant 
fact that emerges from our experiments. Measure- 
ments at different temperatures showed that 
despite the large differences between the abso- 
lute values of the effect the rate of relative 
decrease of the permeability and the temperature 
dependence of the decay effect are virtually the 
same for deformed and not deformed specimens; 
in other words, the activation temperature re- 
mains almost the same after plastic deformation. 

If a plastically deformed sample is sub- 
jected to annealing, the decrease in permeability 
with time again increases. Comparison of the 
properties of samples subjected to different 
heat treatments showed that even brief (1-2 hours) 
annealing at 800° fully counteracts the influence 
of strain hardening (Fig.3). Additional heating 
in hydrogen to 1200-1250° for 3-6 hours had virtu- 
ally no further influence on the aftereffect; the 
decay of permeability differed only insignifi- 
cantly in specimens subjected to different heat 
treatments. An exception was Armco iron for 
which prolonged annealing in hydrogen led to a 
decrease of the aftereffect, i.e., reduced the 


Discussion 


The most significant result of our investigation particularly from the 
purely practical standpoint is the fact that there does exist an appreciable 


decay (up to 70%!) of permeability with time in industrial silicon iron. 


This 


in itself may lead to misleading experimental values of the reversible perme- 
ability, particularly when this parameter is measured at low temperatures, 


SN 
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when, as was noted above, hours or even days may elapse before the stable val- 
ue of the permeability is attained. The decay of permeability should also 
probably be taken into account in analyzing the operation of such equipment 

as pulse transformers and magnetic amplifiers. 

A commonly accepted view in the literature is that magnetic viscosity is 
one of the highly structure sensitive attributes of ferromagnets. The results 
of our observations go contrary to this notion. While the absolute magnitude 
of the decrease in permeability does vary considerably from sample to sample, 
the relative rate of decrease (in other words, the relaxation time) and the 
temperature dependence of the decay (i.e., the activation temperature) proved 
to be remarkably close for all the investigated specimens and in remarkably 
good agreement with the data obtained by Richter for carbonyl iron. This 
would indicate that the processes responsible for magnetic aftereffects includ- 
ing decay of permeability are associated not with the state of the magnetic 
domain walls but with the structure of the iron crystal lattice. Most plaus- 
ible from this viewpoint is the hypothesis of Néel’, according to which mag- 
netic viscosity is due to displacement of carbon atoms over the interstices 
of the iron lattice, accompanied by an appreciable change of the magneto- 
crystalline anisotropy energy and, consequently, of all the magnetic proper- 
ties. An indirect confirmation of this view is the absence of any appreciable 
aitereffect in nickel and permalloy which are characterized by a low anisotropy 
energy. 

One can approach this problem from another standpoint. At present the 
most satisfactory theory of magnetic aftereffects is the fluctuation theory 
advanced by Street & Wooley® and Néel. True, the equations proposed by these 
authors are not applicable for describing our results but this in our opinion 
can be explained by the exceedingly rough initial assumption on which the 
theoretical calculations are based. Specifically, these authors assume that 
the number of "objects" susceptible to activation is the same for any value 
of the energy, i.e., that the distribution in activation energy function is 
a constant. It would be more natural to assume that the activation energy 
distribution is random, for example, gaussian. It appears that assuming a 
gaussian distribution in energy one can satisfactorily explain from the stand- 
point of the fluctuation theory the results of our measurements of the decay 
of permeability in the entire investigated range of times and temperatures 
and also the results of Richter. One can in fact calculate two quantities of 
interest, namely, the mean activation energy and the average fluctuation fre- 
quency. Our calculations showed that for all samples regardless of their pre- 
vious treatment history and specific magnetic properties these quantities are 
virtually the same, namely, of the order of 1.5-1012 erg and 1013 sec"l, re- 
spectively. These values are in good agreement with the above mentioned hypo- 
thesis of Néel. On the contrary, assumption of fluctuation of the direction 
of the spontaneous magnetization vector or fluctuation of the surface tension 
of the domain walls led to an appreciably lower characteristics frequency (of 
the order of 1019 sec-1l according to Néel). 

The authors are sincerely grateful to Ia.S.Shur, S.V.Vonsovskii and V.I. 
Drozhzhina for their helpful interest in the work. 
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SOME MAGNETO-OPTICAL EFFECTS AT MICROWAVE FREQUENCIES 
- N.N.Neprimerov 


Microwave analogs of magneto-optical effects began to be studied concur- 
rently with the beginning of investigation of magnetic resonance absorption 
(1948). The first optical effect to be observed at microwave frequencies was 
rotation of the plane of polarization of radiowaves incident to passage through 
a magnetized medium (the Faraday effect).1 Soon thereafter magnetic double re- 
fraction at microwave frequencies was reported by Weiss & Fox.2 The present re- 
port will be concerned with the results of measurements of the rotation of the 
plane of polarization of microwaves (9375 Mc) due to reflection from a magnet- 
ized medium (the Kerr effect). It must be emphasized that magneto-optical ef- 
fects at radiofrequencies are associated not only with magnetic resonance but 
can also be caused by other factors. For example, the Faraday effect may be 
produced by 1) magnetic spin resonance in para- and ferromagnets%, 2) diamag- 
netic resonance in discharge plasma and solid semiconductors4?, 3) transitions 
between molecular inversion sublevels® and 4) the high-frequency Hall effect® 

Experimentally gyromagnetic properties of media are determined in two 
ways: a) by investigating individual magneto-optical effects and establishing 
the correlation between them and other parameters of the medium!-§ and b) by 
measuring the components of the permeability and permittivity tensors and 
calculating the effect in question from the measured values’. 

In an earlier publication’ the author described an experimental set-up 
for investigating the Faraday effect at centimeter wavelengths. The set-up is 
diagrammed in Fig.1. The use of measuring lines 5 instead of matched detect- 
ors made it possible to enhance the sensitivity of the set-up. The high sensi- 
tivity as regards angle of rotation (~0.1") and the distinctive arrangement of 
the polarizer, specimen and analyzer make it possible to use the set-up for 
investigating other magneto-optical effects. This is most easily accomplished 
where the Kerr effect is concerned; in fact there is no difference in the ar- 
rangement of the polarizer, specimen and analyzer in investigating the Faraday 
and Kerr effects. In both cases the specimen in the form of a disc is mounted 
in the same position in a round waveguide in front of a shorted termination. 

If the depth of penetration of the 
radio wave into the specimen is greater 
than the thickness of the specimen the 
observed rotation is due to the Fara- 
= day effect and, on the contrary, if 

the skin depth is much smaller than 


fF the thickness of the specimen (5 < 4), 
——s the Kerr effect is responsible for the 

mera eo af Sous she> observed rotation. 
vil , : é A special 1.6 kw electromagnet was 


designed and built in order to obtain 
the resonance field values necessary 


_ Fig.1. Diagram of set-up: 1) klystron 
pei) generator, 2) decoupling attenuator, 
Lo 3) matching device, 4) turnstile junc- 

tion, 5) measuring line, 6) short- 
circuit plunger, 7) matched load, 8) 

(a) specimen in round waveguide, 9) measur- 

ing unit, 10) wavemeter. 
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for investigating the Kerr 


effect. The magnet pro- 
duces a uniform magnetic 
field of up to 9000 oersted 
in a 45 mm wide gap with 
pole pieces 110 mm in dia- 
meter. Thanks to effeci- 
ent design of the magnetic 
circuit components, a vir- 
tually linear dependence 
of the field on the cur- 
rent through the windings 
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Fig.2. Section through central part of set-up 
1) yoke of electromagnet, 
2) electromagnet coil - 2 x 2000 turns of 2 mm 
diameter copper conductor, 3) input waveguide, 
4) matching stub of turnstile junction, 5) 
round waveguide with choke-flange coupling, 


with electromagnet: 


6) specimen, 7) matched load. 
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I, II and III - curves of 
the Kerr effect for magnetite ob- 
tained for specimens 23 mm in dia- 
meter and 3.6 mm, 6.2 mm and 8.4 

mn thick, respectively; IV - curve 
of the Faraday effect for magnetite. 


KOO) is obtained for the entire 
SOKO 


useful range of magnetic 
fields. 

A sectional view of 
the set-up with the electro- 
magnet is shown in Fig.2. 
It will be seen that the 
external magnetic field 
is parallel to the direc- 
tion of propagation of the 
radio waves and perpendi- 
cular to the reflecting 
surface of the specimen, 
i.e., that the necessary 
condition for the so-called 
polar Kerr effect is satis- 
fied. Inasmuch as this ef- 
fect is linear with respect to the field; 
we recorded the rotation curves with both 
polarities of the magnetic field and took 
the half sum of the resultant curves as 
the characteristic of the effect. This 
procedure, like that used in measuring 
the Faraday effect, minimized possible 
errors. In order to eliminate hystere- 
sis effects in the electromagnet and the 
specimen, an additional weak alternating 
field with a frequency of 50 cps was 
superposed on the constant field so that 
the magnetization in all cases followed 
the ideal or hysteresis-less curve. 

The limited dimensions of the pole 
gap and the large value of one of the 
demagnetization factors with such an t 
arrangement of the field and specimen 
led us to choose magnetite as the sub- 
ject for the first investigation. Hav- 
ing an electric conductivity and satur- 
ation magnetization intermediate between 
metallic ferromagnets and ferrites, mag- 
netite allows of obtaining experimentally 


convenient demagnetization factors and a suitable magnitude of the effect with | 


specimens of acceptable size. 
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Measurements of the Kerr ef- 
fect were carried out on three 
specimens in the form of discs 
of natural polycrystalline magne- 
tite. All of these satisfied the 
above mentioned condition(s < d) 
inasmuch as for magnetite 6 = 5: 
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Fig.4. Curve of the Kerr effect for Ni-Zn 
Diameter of specimen 23 mn, 


ferrite. 
thickness 16 mm. 
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Fig.5. Field dependence of 
the rotation of the plane of 
polarization for germanium: 
I - plane-parallel metallic 
plate d = 0.5 mm, diameter = 
= 23 mm, II - suspension of 
germanium powder in paraffin; 
Ge particle size r€&100 y; 
volumetric concentration 15%. 


high temperature annealing. 


*10-3 cm. The experimental re- 
sults are shown in Fig.3. The top 
curve (IV) in the figure is for 
the Faraday effect in magnetite. 
The variation in the amplitude of 
the Kerr rotation curves can be 
explained by the influence of a 
residual Faraday effect manifested, 
apparently, due to reflection from 
the back wall of the specimen or 
due to inhomogeneities of the in- 
vestigated medium. It will be 
seen that this influence decreases 
with increasing thickness of the 
specimen. There may also be pres- 
ent distortions associated with 
nonuniformity of the demagnetiza- 
tion factors of specimens having 
a shape differing from ellipsoids. 
The principal but, as will be shown below, 
not the sole cause of the Kerr effect at micro- 
wave frequencies is magnetic spin resonance. 
From the shape of the Faraday rotation curve 
(IV in Fig.3, which does not change sign in 
the entire range of investigated magnetic 
fields) it follows® that at the given wave- 
length the product of the frequency by the re- 
laxation time for magnetite is less than unity, 
i.e.,wt<1. By analogy with the Faraday ef- 
fect® one may assume that with wt >1 the shape 
of the curve must change and take on a reson- 
ance-like character. To check this assumption 
we prepared a specimen of Ni-Zn ferrite whose 
electric conductivity was substantially in- 
creased (to about 0.5 mho/cm) by repeated high 
temperature anneals. The results of measure- 
ments on this specimen are shown in Fig.4. It 
will be seen that the amplitude and shape of 
the curve are different. The appearance of the 
additional peaks may be due to differences be- 
tween the magnetic sublattices of the ferrite 
containing different magnetic ions (iron and 
nickel), but it is not impossible that these 
additional peaks may appear due to inhomogene- 
ities formed in the specimen in the process of 


{ 
8000 ic 
es 


In measuring the Kerr effect, in addition to the errors introduced by in- 
complete elimination of the Faraday effect, there may be present errors due to 
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additional rotation of the plane of polarization owing to the high-frequency 
Hall effect®. This effect is also linear with respect to the magnetic field 
and cannot be excluded in the field reversal procedure. It is difficult at 
present to evaluate the contribution of the high-frequency Hall effect to the 
total rotation. 

Fig.5 gives the results of measurement on the same set-up of the specific 
rotation of the plane of polarization in an n-type germanium plate (curve I) 
and in powder of the same germanium suspended in paraffin with a volumetric 
concentration of 15% (curve II). In both cases the rotation is due exclusively 
to the high-frequency Hall effect and, as may be seen, attains an appreciable 
magnitude. 

More detailed data on and evaluation of the microwave analog of the opti- 
cal Kerr effect must await development of the theory of this effect at micro- 
wave frequencies. 


"Vv, I.Ul'ianov-Lenin" Kazan State University 
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MAGNETO-OPTICAL PROPERTIES OF FERROMAGNETS IN THE INFRARED REGION 
- G.S.Krinchik 


Introduction 


There have been numerous experimental investigations of the magneto- 
optical properties of ferromagnets; the results of many of these are tabu- 
lated and systematized in the monograph of Schiitzl. The relation between 
diverse magneto-optical effects has been interpreted and generalized Fresnel 
equations for the Kerr effect and other phenomena have been deduced in the 
framework of the classical theory where these effects are treated phenomeno- 
logically by the introduction of tensor permittivity? or permeability?. 
There have also been a few studies in which the Faraday and Kerr effects have 
been treated from the viewpoint of quantum theory*. Nevertheless, the nature 
of magneto-optical effects in ferromagnets is still not fully clarified. This 
may in part be due to the fact that experimental investigations of the magneto- 
optical effects have been carried out only in the visible region of the spec- 
trum (to 2-3 y in individual cases). Hence no definitive conclusions regard- 
ing the character of the wavelength dependence of the effect could be drawn 
inasmuch as only narrow sections of the dispersion curves were obtained in 
these investigations. 

In the present investigation we studied the influence of magnetization 
on the reflection of light from a ferromagnet in a wider range of wavelengths 
than has been done hitherto. 

A number of experimental difficulties are encountered in extending the 
measurements into the infrared. 

1. Since visual observations become impossible, it is necessary to have 
recourse to electrical means of detection and such detectors are subject to 
the influence and limitations imposed by the electromagnet. 

2. Conventional glass lenses and polarizers become useless due to their 
strong absorption in the infrared region. 

3. The intensity of most light sources falls off rapidly with increasing 
wavelength. 

In our experiments the influence of the first factor was reduced by in- 
vestigating the effects associated with magnetization of the samples parallel 
to their surface. This made it possible to reduce the size of the electro- 
magnet and the cross section of the magnetic circuit components and to mini- 
mize the stray magnetic flux. We were able to circumvent the restricting in- 
fluence of the second and third factors by virtue of the fact that we dis- 
covered the effect of the magnetization dependence of the absorption of natur- 
al (non-polarized) light by ferromagnets. This made it possible to enhance 
the effective intensity of the light by eliminating polarizers, auxiliary 
focusing devices, etc. As a result we were able to investigate the effects 
of interest in a rather wide range of wavelengths, namely, from 0.75 to 9 yu. 


1. Apparatus and samples 


An IKS-11 infrared spectrometer served as the infrared source and mono- 
chromator; the radiation detector was a vacuum type thermoelement. The out- 
put of the FEOU-15 photomultiplier was connected to an M-21/4 galvanometer. 
The overall sensitivity of the detecting unit was 7-10-10 watt/mm. The elec- 
tromagnet measured 100 x 100 x 140 mm and allowed of magnetizing the sample 
virtually to saturation with a current of 0.1-0.3 amp through the coil. The 
sample of technical grade iron with a polished 30 x 50 mm surface was inserted 


into the magnetic circuit having a cross section of 40 x 15 mn. 
version of the experimental set-up, part of t 


iron and with a constant 30 x 2 


scope was calibrated with reference to water, benzene and polythene. 
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In another 
he magnetic circuit of the same 
The spectro- 
In 


mm cross section was polished. 


measuring the meridional Kerr effect selenium mirrors were used as polarizers. 


2. Experimental results 


Fig.1. Change in the intensity of the reflected 
light of different wavelengths with reversal of 
magnetization of the sample (technical grade iron) 
magnetized to saturation: A) prism - glass, slit 

- 2mm; 4) prism - glass, constant light intensity; 


O) prism - NaCl, constant light 
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Fig.2. Change in the intensity 
of the reflected light with 
the magnetization. Sample - 
technical grade iron; satura- 
tion not attained: 1) prism 

- NaCl, slit - 2 mm; 2) same 
but with compensation method 
of measurement. 


material. 


As was noted above, 
in investigating the re- 
flection of light from a 
ferromagnetic mirror we 
discovered the effect of 
influence of the magnet- 
ization of the specimen 
on the absorption of natur- 
al, nonpolarized light. 

The magnetization vector 
was oriented parallel to 
the surface of the speci- 
men and perpendicularly 
to the plane of incidence; 
the angle of incidence of 
the light relative to the 
surface was 45°, 

Fig.1 shows the vari- 
ation of the intensity of 
the reflected light of 
different wavelengths with 
reversal of magnetization 
of the sample (the ordin- 
ates are half the observed 
values inasmuch as in the 
case of reversal of mag- 
netization the change in 
magnetization equals 2J,). 
Each of the points in the figure represents the 
arithmetic mean of 50 measurements. The aver- 
age relative error of individual measurements 
is 15-25% in the middle portion of the curve 
and 20-25% at the extreme wavelengths. Most 
of the points were obtained with a constant 
slit width of 2 mm. Some of the points were 
recorded under different conditions in order 
to check on the errors associated with the 
strong dependence of the emission of the source 
on the wavelength. In these latter experiments 
the emission intensities were equalized by 
varying the slit width so that the measurements 
were carried out under identical intensity . 
conditions. In addition, the presence of a 
maximum of the effect in the 3 to 4 HW region 
was verified on another sample of the same 


intensity. 


The results of these measurements are shown in Piped. 
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Part of the points were obtained by the usual procedure, while the other 
part were obtained by the compensation method, when half the light was allowed 
to bypass the specimen and fall on another, second thermoelement connected in 
Opposition to the first with a view to minimizing the influence of fluctua- 
tions in the intensity of the source. The somewhat lower values of the effect 
shown in Fig.2 are explained by the fact that in this case it was impossible 
to magnetize the specimen to saturation owing to heating of the coil. 

It was also found that the meridional Kerr effect with a 45° angle of 
incidence changes sign in the same wavelength region (3-4 4). It was impos- 
sible to make more detailed reliable measurements of this effect inasmuch as 
the intensity of the light was diminished by a factor of more than 20 in this 
case as compared with the preceding one. 

The sign of the magnetization-dependence of the light absorption effect 
(Figs.1 & 2) is considered to be positive when for a right-handed vector sys- 
tem (IBA) the light absorption is less than for the left-handed system (A and 
B are the vectors of the incident and reflected waves). 


3. Discussion 


The newly detected effect, i.e., the influence of magnetization on the 
absorption of light, is in all probability a consequence of the equatorial 
Kerr effect. It follows from the generalized Fresnel equations for ferromag- 
nets2»3 that if the ferromagnetic mirror is magnetized perpendicularly to the 
plane of incidence of the light, the reflection coefficient for the component 
polarized parallel to J, is independent of the magnetization, while the coef- 
ficient for the component polarized perpendicularly to Jg does depend on the 
magnetization. Hence the effect is not equal to zero in the case of natural 
light. This deduction was substantiated by experiment: the effect of change 
in absorption could not be detected when the light was polarized by a selenium 
mirror in the parallel plane and it was observed when the light was polarized 
in the perpendicular plane. The effect was also found to vanish in the case 
when the magnetization vector lay in the plane of incidence of the light. Like 
the polar and meridional Kerr effects and the Faraday effect, the equatorial 
Kerr effect is proportional to the magneto-optical parameter; hence in investi- 
gating the influence of magnetization on the absorption of light in ferromag- 
nets we can establish general regularities common for all magneto-optical 
phenomena. 

The curve for the magneto-optical effect shown in Fig.1 has the appearance 
of a smeared-out resonance curve. Its shape is apparently determined by the 
frequency dependence of the magneto-optical parameter inasmuch as the disper- 
sion curves of the optical characteristics of the metal have an appreciably 
simpler shape in this frequency range. It must be concluded therefore that 
in the given case we observe a unique phenomenon which might be termed mag- 
neto-optical resonance. From general considerations one might assume the fol- 
lowing simple form for the resonance dependence of the effect on condition 
that the damping decrement is equal to zero: 

ees 
r2— 22 


(1) 


The resonance wavelength }, is determined by the energy difference be- 
tween the states between which the transition under the influence of the inci- 
dent light occurs. The smeared-out character of the resonance curves shows 
that AX, does not have a single unique value but is spread out over an interval 
hy tO do: Assuming the simplest case of uniform distribution of wavelengths 
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over this interval, we obtain the following formula for 8: 


4 


ae ow ( lea Bo (In 5 — Pipe am (2) 


6) = = rE = = 
Ag — Ay mR? 2 (Ag — Ay) A [Aah | en) 


The curve calculated according to Eq.(2), taking A] = 1 uw and Ao = 3.5 
is shown by the dash line in Fig.1. The assumed wavelength values as regards 
order of magnitude correspond to the electron transition energies (1.2 and 0.4 
ev, respectively). In order to check the validity of the above inferences and 
arrive at more definitive conclusions regarding the character of the transi- 
tions responsible for the effect, one must carry out analogous measurements on 
different ferromagnetic materials under different conditions. Such measure- 
ments are being undertaken by the author in collaboration with R.D.Nuralieva 
and V,I.Riabchenko and the results will be published in a future article. 
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CONTRIBUTION TO THE THEORY OF THE KERR AND FARADAY EFFECTS AT RAD IOFREQUENC IES 
- G.V.Skrotskii & V.F. Zakharchenko 


A linearly polarized electromagnetic wave in propagating through a mag- 
netically gyrotropic (gyromagnetic) medium is “separated" into two partial, 
circularly polarized (right and left) waves which are characterized by differ- 
ent absorption and different phase velocities. Consequently, the resultant 
wave emerging from the magnetic layer or reflected from its surface is ellip- 
tically polarized. The microstructure of the resultant wave may be described 
in terms of the orientation of the polarization ellipse and the ratio of its 
axes. 

Thus we have two problems in investigating the propagation of electro- 
magnetic waves in gyromagnetic media. 

The first problem consists of determining the microstructure of the wave 
after its passage through the ferromagnetic material (the Faraday effect). The 
second problem involves describing the microstructure of the wave reflected 
from the surface of the magnetic material (the Kerr effect). A quantitative 
measure of both effects is the angle between the major axis of the polariza- 
tion ellipse and the plane of polarization of the initial wave. 

Both effects, as we know, are observed in the radiofrequency as well as 
in the optical region of the spectrum. The magnitude of the effects can be 
controlled by varying the intensity of the magnetic field applied to the speci- 
men. The effect is appreciably greater in the case of ferromagnetic materials 
as compared with paramagnets. 

The precession frequency of the magnetic moments depends on the intensity 
of the field H, in the specimen and for fields of the order of 103 oersted 
lies in the range of microwave frequencies. 

While there have been numerous experimental and theoretical investigations 
of the Faraday effect at microwave frequencies, there have been very few 
studies of the Kerr effect in this frequency range. 

1. In gyromagnetic media the relation between the magnetic induction 
vector b of the magnetic wave and the field intensity h=h,exp(jwt) is given 
by 


b=ph-+ (I, bl, (1) 
where » is the complex permeability and T is the complex gyration vector; 
E= pe” = 7 and T ae T’ ine (2) 


If to these expressions we add the relation between the induction vector 
d and the electric field e of the wave: 


d=ece and o=c je, (3) 


we can find all the expressions characterizing the magnitude of the Faraday 
and Kerr effects by solving the Maxwell equations for the medium with the ap- 
propriate boundary conditions. In the case of electrically conducting media 
the quantity 4xc/m should be included in the imaginary part of «. 

For a plane wave of frequency o=ck, we readily obtain the following re- 
lation from Maxwell's equations 


m2 


poe hey; hy}, (4) 


¢ 
So 
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wherein 


> &k (5) 


c 

Leet and N=-—. 

Comparing (4) and (1), we obtain equations for h, which determine the pos- 
sible values of %t. In the most interesting case when the wave is propagated 


in the direction of the gyration vector [, i-e., when , is parallel to [., we 
have 


pa =e (+I). (6) 
®N, and X_ correspond to left and right circularly polarized waves. 
Separating %-+ into real and imaginary parts, 


MN — n+. + J*45 (7) 


we find, according to (2) and (3) 


eat few ET) — ew Al) + VCP FY EL + WEP (8) 


and 


=F WE OWED) +VEFOWEIF EWE eg 

The indices of refraction ”+ determine the phase velocities of the right 
and left circularly polarized electromagnetic waves and the x. define the at- 
tenuation coefficients for these waves. 

2. In the case of propagation of the electromagnetic wave in an infinite 
homogeneous medium in the direction parallel to the vector |, the polarization 
ellipse monotonically rotates. The angle of rotation of Up per unit path 
length is given byl 


ee ile ale (10) 


In a more complicated case, for example, when the wave passes through a 
finite layer of matter, one must take into account conditions at the inter- 
faces inasmuch as the wavelengths of microwaves are commonly commensurable 
with the thickness of the layer?, 

Where reflection of electromagnetic waves from a plane magnetized speci- 
men is concerned, one must distinguish between the cases of the normal and 
equatorial Kerr effects. In the case of the normal Kerr effect the plane 
polarized wave is incident on the surface of the magnetic specimen in the 
direction parallel to the vector [’—T,. 

Separating the incident wave into two circularly polarized components 


satisfying the boundary conditions on the surface of the magnetic specimen, 
we obtain 


hy = R,exp(jp,) and hy = R,exp (72), (11) 


where 


R (2 —_" — LCR x4%_)? + (ny — *,n_ + Ze'e” : 
1 
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and 


Re = (oe P+ 
SNe) (ee ey )?] fle m)? +(e” — x_)*] ° 
The reflected wave is elliptically polarized with the major axis of the 
polarization ellipse rotated through an angle 9; relative to the plane of 
polarization of the incident wave; this angle is defined by: 


(13) 


DES 
AD) —, 14°23 a, 
tg 29, = R R cos (dy tbo). (14) 


The axial ratio of the polarization ellipse of the reflected wave is 
found from the condition 


ay — R2tg?d,. (15) 


Comparing the expressions for Rf, and &,, we note that R,< R, and, con- 
sequently, according to (12) and (13) 


ee A [e” (n_—n,) —&' (x_ 4-x,)] — B [e’ (n_ — n,) +e” (x + %4)] (16) 
and “ A? + B? 
b ey A [e’ (n.— n,) + ©” (nH_+ %,)] + B [e” (n-_— n,) — 8’ (x_+ %4)] (17) 
where : A? BP ; 
A=n mn x%_— e” ao e” (18) 
and 
B=x,n_—n,x_— 2s’e". (19) 


It will be noted that the expressions for the angle of rotation of the 
polarization ellipse are functions of the parameters ©, 4 and ies 

3. The parameters ¢, » and J are in general functions of the frequency 
of the wave field. The complex permeability } in the microwave frequency 
range is a very slowly varying monotonic function of the frequency. Disper- 
sion equations for » and I can be found on the basis of the appropriate mag- 
netic material model. 

In the case of paramagnetic materials, whose magnetic properties are 
determined by a single spin system, the variation of the transverse part of 
the high-frequency magnetization (m;, my) with time 


b—h (20) 


is characterized by the equation?; 
m+—=h+7([M, Hl], eae 


where M=M,+m, M,=y,H,, « is the intraspin relaxation time and H=H,-+h. 
The solution to this equation is of the form 


m= yh + /[g, hj, (222 
where 


44 jot + w?s? (23) 


eC 
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and yor? , (24) 
if == Zo (4 ae jot)? + w27? 0? 


here 
o, =17| Ao eo) 


The quantities » and [ are related to y and g by the expressions 


poi+4ny; T= 4ng. (26) 
Now 
4 + t2e?)2 + (1 — t2w?) Teo? 
0 ll = ARS 9 = Bae eas C27) 
[P= (or oF) tos 
[1 + +t? (a? + w?)] to 
eu” ar AY 2 9 - 2.49 9 j2°7 (28) 
{ht (0) 62) Ata" 
[1 + 7 (w? — w”)] yt@ 
T= 4x75 Bs 5 2 a a Ngee (29) 
[1 05 (@G=— @°) I? 4-4t“a" 
J Du e8qy2 H 
fairy ut i, tee (o? a) ee A a (30) 


For ferromagnetic materials the time variation of the transverse part of 
the magnetization is also described by Eq.(21). Consequently, Eqs. (27)-(30) 
are applicable in this case as well. 

The situation is somewhat more complicated in the case of the equatorial 
Kerr effect when the direction of propagation of the incident wave is perpen- 
dicular to the gyration vector. In this case we must know not only the trans- 
verse components of the magnetization m, and /y, but also the z-component Mz, 
which is defined by a more complicated expression. 

In carrying out experimental observations of the Faraday and Kerr effects 
the measurements are usually made by varying the field H,, while keeping the 
frequency constant. In this case the frequency dependences of = and s are 
unimportant. In what follows we shall assume that <= and ¢ are independent of 
the magnetic field strength. 

The solutions for uw and |’ have singularities near the frequency 
Introducing the notation 


9 2 4 Q)— i 
Op =O +S, &— —-2 and bi eagerems (Si) 


@ 


and setting ©-+w-=2y for frequencies close to ®), we obtain from Eqs. (10), 
(8) and (27)-(30) 


@ ri =e 7 | e 
a — an V2’ {V 24, ee V TXo} eee * (32) 


_ l_ 42-252 
is a Daa es 


here 
Saag Ay = 2nytM). 


The character of the variation of the angle of rotation of the polariza- 
tion ellipse with is shown in Bigwl, 


In the case of the normal Kerr effect we find 


2V > oe= Vel = Vw ery + Ve Pp we eT, (33) 


bs tk 
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and further 


276 ob 
2V HV KV EV ee ee. (34) 


In the case of paramagnetic materials the angle of rotation close to 
resonance even under the most favorable conditions does not exceed a few 
minutes. In contrast, in the case of ferromagnetic materials on condition 


of good electric conductivity 4,, may attain several tenths of a radian in 
weak fields. 


The dependence of 9%, on = is shown in 
Fig.2. It will be seen that the curve charac- 
terizing this dependence is symmetrical and 
changes sign to either side of w,=—© The ex- 
act shape of the curve characterizing the vari- 
ation of %,, as a function of & depends strongly 
on the relaxation time. Thus ferromagnetic 
materials with a long relaxation time are 
characterized by a sharp "resonance peak" of 
the angle of rotation of the polarization el- 
lipse, while in the case of short relaxation 

as time (1078-10-10 sec) the "resonance" character 
of the effect will be appreciably less pro- 
nounced. 

4. Eq.(21) upon which the above calcula- 
tions of both effects are based proves to be 
inadequate for many special types of magnetic 
materials and cannot describe their specific 
behavior in perpendicular fields. Thus, for 
example, Eq.(21) is not suitable for substances 
such as ferrites in which the magnetization is 
determined by two strongly interacting spin 
systems. A similar situation obtains in the 
case of paramagnetic solutions containing sever- 
al different types of ions with different gyro- 
magnetic ratios. 


EFig.2. Variation of 2 si Ee In the case of a paramagnet comprising two 
= spin systems one can use Eq. (49) deduced in 
acea Lunction of "< . Ref.4. In this case,in consequence of the 


presence of two resonance frequencies, the char- 
acter of the field dependences of d and 3, is appreciably more complicated. 
The case of antiferromagnets will be examined in a future article. 
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MEASUREMENT OF THE INITIAL PSRMBABILITY OF FERROMAGNESTS IN THE MICROWAVE REGION 
- G.S. Sanyal 


Introduction 


It is know that the initial permeability of ferromagnets at high radio- 
frequencies (~108 cps and higher) becomes a complex quantity. Determination 
of the apparent permeability from the loss and phase velocity in the electro- 
magnetic circuit containing the ferromagnetic specimen leads to different 
values which are designated as up and py, respectively. It has been shown 
that up is greater than yu, and that both up and yy, decrease with frequency, 
approaching unity in the microwave region. Descriptions of the various tech- 
niques of measuring ferromagnetic permeability in the UHF and microwave fre- 
quency regions and analyses of the results of such measurements have been 
given by Alanson?, Rado and SanyalS. 

In order to study the dispersion of the initial apparent permeability, 
extensive data relating to the variation of both up and py, with frequency are 
required. Whereas such data are available for up up to a frequency of the 
order of 1010 eps, this is not the case for py. It was, therefore, thought 
desirable to measure uu, in the microwave range (free-space wavelength \ = 
= 3.2 cm) to see whether this fits in with the value of », obtained from the 
general trend of data at lower frequencies. 

In this report we shall describe a method of determining the value of 
Ly, of soft iron in the form of thick plates at a wavelength of 3.2 cm. The 
method uses a cylindrical cavity resonator with a detachable end wall €est 
resonator 7 in Fig.l). The resonant frequency of the resonator is measured 
once when the end wall is made of a non-magnetic material, e.g., brass, and 
again when it is of soft iron. Im each case the resonance frequency is deter- 
mined, relative to a reference cavity of almost identical shape and size, by 
utilizing the cavity comparator technique.* The shift in resonance frequency 
gives the value of 4) in terms of the parameters of the cavity. 

The main difficulty in such a substitution method of measurement is the | 
uncertainty introduced by the two end walls (non-magnetic and ferromagnetic) | 
not being geometrically identical. A small difference in geometry between the 
two can mask the frequency shift due to the substitution. This difficulty has, 
however, been minimized to a considerable extent by accurate machining of the 
surfaces of the end walls. The measured value of wy at a wavelength of 3.2 ' 
cm was approximately 4.5. This is not inconsistent with the trend of lower i 
frequency data, i.e., the measurement shows that ly, does in fact tend to ap- 
proach unity at very high frequencies. 


1. Experimental Arrangement and Method of Measurement 


A schematic diagram of the experimental set-up of the apparatus is shown 
in Fig.l. The source of microwave power is a 723 A/S Klystron oscillator 
which is frequency modulated by a linear sawtooth waveform (400 cps) applied 
at its repeller. The cathode follower gives a low impedance path from the re- 
peller electrode to ground and this together with use of a stabilized power 
supply insures negligible spurious frequency modulation. The sawtooth wave- 
form is superimposed on the de repeller voltage and the operating point of the 
klystron adjusted so that a linear frequency modulated signal is generated. 


The frequency limits of the klystron may be ch bd 
of the sawtooth wave. anged by varying the amplitude 


Fig.1. Block diagram of the experimental set-up: 1) stabilized 
power supply, 2) klystron oscillator, 3) variable attenuator, 
4) waveguide to coaxial line junction, 5) coaxial cable, 6) at- 
tenuator 10 db, 7) test resonator, 8) reference resonator, 9) 
variable attenuator, 10) reaction type wavemeter, 11) matched 
crystal detector, 12) amplifier, 13) two tube amplifier with 
common plate load, 14) differentiator, 15) CRO vertical deflec- 
tion amplifier, 16) CRO, 17) linear sawtooth generator, 18) 
cathode follower, 19) differentiator, 20) multivibrator, 21) 
display on CRO screen. 


The klystron feeds rf power via an isolating attenuator (10 db approxi- 
mately), a flexible coaxial cable and a shunt T-junction into two rectangular 
waveguide (0.9" x 0.4" I.D.) branch arms. One of these arms contains the 
cavity (transmission type) under test; and the other contains the similar 
reference cavity. Two fixed 10 db attenuators are interposed between the 
T-junction and each of the cavities. This is sufficient to prevent the fre- 
quency pulling due to mismatching in the input sides of the cavities. The 
microwave power transmitted through these cavities is detected by two separate 
matched crystal diodes (1N21). In order to obtain separately controllable 
output from these two crystal diode units, two variable attenuators are also 
inserted in the output sides of the cavities. A standard wavemeter cavity 
(reaction type) placed in the output side of the reference cavity is utilized 
for checking the frequency of resonance of the test and reference cavities 
as well as for calibrating the sweep of the cathode-ray oscilloscope. 

Both the test and the reference cavities are right circular cylinders 
of brass and of very nearly identical dimensions with a detachable end wall. 
As noted above the end wall of the test cavity is interchangeable (brass or 
soft iron). Each of these cavities is of the transmission type and is coupled 
to the rectangular waveguides by two holes (0.285" in diameter) bored dia- 
metrically opposite in the middle of the cylindrical surface of the cavities. 
The center lines of the rectangular waveguides are aligned with a diameter 
of the cylinder so that the broad sides of the waveguide are parallel to the 
cavity axis. The end walls are made accurately perpendicular to the cavity 
axis to ensure that the cavities oscillate only in the TEp)) mode. 

The sawtooth frequency modulated rf signal produces video pulses, having 
the shape of resonance curves, at the outputs of the crystal detectors. The 
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repetition rate of these pulses equals that of 
the sawtooth generator. The maxima of these 
two waveforms correspond to the resonant fre- 
quencies of the two cavities. These video 
pulses are then separately amplified and fed 

to the grids of a two-tube amplifier stage hav- 

f f ing a common plate load. A square waveform 
synchronized with the sawtooth generator but of 
half the frequency is also applied to the two 
cathodes of the amplifier in phase opposition. 
This cuts in the video output from each cavity 
during alternate traces of the cathode ray oscil--: 

Fig.2. Display on the CRO lograph. The output of this amplifier is then 
screen showing the resonance differentiated and is further amplified by the 
frequencies of the cylindri- vertical deflection amplifiers of the oscillo- 
cal test and reference cavi- graph. Thus two S-shaped curves are produced 
during alternate sweeps of the sawtooth wave and 
are superimposed on the oscillograph screen 
(Fig.2). The zeros of these curves are the resonant frequencies of the test 
and the reference cavities respectively. As the sawtooth wave amplitude ap- 
plied to the klystron is reduced, these curves spread out giving greater sepa- 
ration between the zeros. The distance between the zeros of these two curves 
corresponds to the frequency difference between the two cavities. The sweep 
trace is calibrated in terms of frequency by a reaction type standard wave- 
meter placed in tandem with the reference cavity. During calibration the at- 
tenuation of the variable attenuator between the reference and the wavemeter 
cavity is increased to obviate frequency pulling. As the wavemeter cavity 
tuning is changed,a small pip superimposed on one of the curves travels along 
it; since the sawtooth wave amplitude applied to the repeller of the klystron 
is small, the wavemeter frequency tuning is linear with the distance of travel 
of the pip. Thus, knowing the frequency change of the standard wavemeter per 
its micrometer division, the sweep trace can readily be calibrated. . 
In the experiment three brass and three soft iron plates (1/4" thick), all 
accurately machined, were: successively used for the end wall of the test cavity: 
During the initial stage of the experiment the dimensions of the reference cayv-' 
ity were adjusted so that both the test (with brass end walls) and the refer- 
ence cavities had very nearly the same resonant frequencies as indicated by 
the distance between the two zeros of the S-curves. The resonance frequency 
of the test cavity relative to the reference cavity was then found when the 
three brass plates were successively used as one end wall of the test cavity. 
Similarly the shifts in resonance frequency caused by the substitution of 
soft iron plates were found. The uncertainty due to geometrical inaccuracy 
was small and since the measurement of only the relative shift in resonance 
frequency is important, the cavity comparator technique as used in this ex- 
periment eliminates the effect of humidity and temperature. 


ties. 


2. Theoretical Analysis 


A brass cylindrical cavity resonator with a detachable end wall (Fig.3 
made either of brass or a ferromagnetic material, was used in our experiments 
The Q-factor® and the resonance frequency of the cavity depend on the permease 
bility of the material of the end wall. We now proceed to derive the expres- 
sion for the shift of the resonance frequency of the cavity oscillating in 
the TE9]) mode, when the nonmagnetic, i.e., brass end wall of the cavity is 
replaced by a similar end wall of the ferromagnetic material under test. 


- 1291 - 


Assume that an empty, cylindrical brass waveguide of radius “% and of 
length /, carrying a TE9]] mode,is terminated at one end by a perfectly con- 
ducting plate (end wall) perpendicular to the guide axis. The input wave im- 
pedance looking from the other end of the guide is given by 


in= /Zctg al, (1) 
where 


itu ee 
here 7 = Vy % is the characteristic impedance for a plane wave in free space, 
0 


Yo = 4n°107-7 henries per meter is the permeability of free space, 2) = 1079/36nx 
farads per meter is the dielectric constant of 
free space, is the free-space wavelength, 

ho = 2na/p, where p = 3.832 is the first root 


of the equation J,(z)=0, and x = Vy (= -(E) 
be vy 


is the phase constant of the mode existing as 
a travelling wave; here c = NF is the velocity 
& of light in free space in meters per sec; W= 


ig Fig.3. Cylindrical resona- = 2nf, f being the frequency of the wave. 
tor: 1) fixed end wall, 2) Eq.(1) holds to a high degree of approxi- 
detachable end wall, 3) mation even for an end wall of finite conduct- 
. rectangular waveguide, 4) ivity, provided this is very high, i.e., such 
coupling holes. as that of brass. 


If now the other end of the cylindrical 
guide is also closed by a conducting end wall perpendicular to the axis, the 
region enclosed by the conducting walls becomes a cylindrical cavity resona- 
tor. A criterion of resonance is that at any cross section of the waveguide 


NS 


where o is its conductivity. Since uw is complex and is given by 


the impedances looking into either side at resonance must have equal and op- 
4 posite reactances. The resonant frequency of the cavity can be determined by 
Z applying this criterion at the plane of the second end wall. 
Z If this second conducting end wall is made of a ferromagnetic material 
z of complex permeability, the input impedance looking towards the wall is 
A simply the characteristic wave impedance of the material 
Z / 2a 


== ty — Jo = |p| e-7¥, 
where 
ERS 2 L9\ 
u =) . u: and i (vs 
|p| Pi + pe Y aretg |)? 
the above expression reduces to 


a ry 
V 222-e| + 2)? + 7([e|— v2)? I. 


The relative values of the apparent permeabilities wR and uw, are 


te = |p| tre 
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| = a y: 0 (y/ fon +7 Ver tr (2) 


The criterion of resonance as applied to the second wall gives from Eqs. (1) 


an 2 
rd (2) (Pex . 


Ze tg al + V 


where } ee is the reactive part of the characteristic impedance of the 


material of the second wall. 
The cavity resonates in the TEg]; mode when 


= { 
al = <—arcig Be 


Substitution for @ in the above yields the cavity resonance frequency f in 
the transcendental form 


(2) — (Ef =[F — parts (VY SIP oa 


A similar relation can be obtained for the cavity resonance frequency fj = 
=®,/2x when the second wall is of a nonmagnetic conducting material, e.g. 


brass, 
fe,\2 fp\? | 2 ( { / amy : 
Fy age © ya BRAS V eae) tis (4) 


where JZ. is the wave impedance for the TEg}] mode at the frequency f and 
Gj is the conductivity of the nonmagnetic material. 


Subtracting Eq.(3) from (4) and putting arc tan @ = @ for small values 
ef @, we obtain 


/ 
Qvoty 


af — a 4f 1% yf Wott { @) Bo\ [2 1 ie Jf ae Q) tes ates @Yvoty 
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For most cases, the above equation can be further simplified by consider- | 
ing the relative values of the terms in the right hand side of the equation. } 


oe “as ———— { 
Thus both Z. and Z. >120x ohms, Vv Se = 0,05 and Ko 05 ae and 

=0) = | 
since py, is not far from unity, it is obvious that the second factor on the 
right is equal to 2x/7 to a high degree of accuracy. Also, since the cavity 
diameter is such that the cylindrical waveguide is operating appreciably away 
from.its cut-off wavelength }., and f and fj are very close, the change in 
wave impedance with frequency can be neglected. Then, putting Z.=Z. and 


® =® in the right hand side in Eq.(5) and bearing the above considerations 
in mind, we get 
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; Eq. (6) shows that the accuracy of measurement of (f1 - f) primarily deter- 
mines the accuracy of the value of Uy. It may also be noted that for a given 


value of wy, the frequency shift Cha. - f) would be large when the cavity length 
~ is small and its radius a large one. 


2. Results and Discussion 


The test cavity dimensions and parameters are: diameter 2% = 4.95 cn, 
length 2 = 2.60 cm, coupling hole diameter = 0.285", critical wavelength of 
the cylindrical waveguide = 0.04059 meters, wave impedance of the cylindrical 
waveguide Z. = 611.6 ohms, conductivity of soft iron o = 1.0°10? mhos/meter 
and the conductivity of brass - 0, = 1.57-10" mhos/meter. 

The resonance frequency of the test cavity with an accurately machined 
soft iron plate forming one of its end walls was 9386 Mc, which corresponds 
to a free-space wavelength } = 0.03196 meters. The frequency shift a = f) 
produced by the replacement of the soft iron wall with a brass end wall was 
calculated from the CRT pattern to be 150 ke. An average value of the fre- 
quency shift was also obtained by using three different accurately machined 
brass and soft iron plates. The variation in frequency due to geometrical 
uncertainty of the brass and in the soft iron plates was less than +20 kc. 
The relative apparent permeability Hy, Of soft iron calculated from Eq. (6) is 
4.5. The accuracy of measurement is estimated to be about +20%. 

The cavity comparator method used in the above described experiments is 
also suitable for determining the change in the Q-factor of the cavity when one 
of its conducting end plates is replaced by a plate of ferromagnetic metal. 
This change in the Q value of the cavity can be related to up, as shown by 
Sanyal & Chatterjee in Ref.5. 

To account for the decrease of initial permeability with frequency several 
theories have been put forward. They try to explain the phenomenon of disper- 
sion of permeability in terms of the behavior of the ferromagnetic domains in 
the applied rf field. An excellent review has been given by Rado?. We shall, 
therefore, only mention these theories briefly here. 

In Becker's theory® it is assumed that small eddy currents are induced 
in the domains as a result of the rapid changes in magnetization due to the 
rf field. This happens for both reversible and irreversible domain wall dis- 
placements and the eddy currents restrict the motion of the walls. Taking 
this into account Becker showed that the initial susceptibility for weak 
fields at a frequency f is given by 

L=s— 
17 ony 
where Ys is the static susceptibility and f,> is a critical frequency giving 
a relaxation time T = 1/2nfe for the domain walls. The critical frequency 
is given by F ae : 


See 


where p and p, are the resistivity and the static initial permeability of the 
substance, respectively, and | is the domain size. The critical frequency for 
iron with an estimated domain size of 10-4 cm is 3109 cps. 

A different theoretical approach was made by Landau & Lifshitz’ who studi- 
ed the frequency dependence of the initial permeability in a uniaxial crystal. 
These authors show that the dispersion of permeability can be satisfactorily 
accounted for by considering the role played by the crystalline anisotropic 
energy in the precessional motion of the magnetic moments in the combined rf 
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and the internal crystalline field. The complex nature of the permeability 

is explained by incorporating a phenomenological damping es in the equation 
of motion. The theory, in particular, shows the possibility of a damped 
resonance being obtained in the dispersion of permeability due to the internal 
crystalline field. This has since been shown to be so by Birks® and Snoek 

in ferromagnetic semiconductors. 

According to Kitte1l9 the decrease of initial permeability of ferromagnets 
at UHF and higher frequencies is due to the fact that the domain dimensions 
(l0=4=10=°) are comparable to or larger than the skin depth at the applied fre- 
quency. There is thus a reduction of the rf field within the thickness of 
single domains. By taking this into account he showed that the permeabilities 
Mp and yy, at any frequency could be expressed in terms of the domain size, 
resistivity and the initial static permeability of the ferromagnetic metal. 
For a domain thickness of 2.5-1074 cm normal to the layer acted on by the rf 
field, the frequency dependence of wR and wy, shows fair agreement with the 
theoretical data. 

Déring!1 has modified Becker's theory by taking into consideration the 
inertia of the moving domain walls. According to this theory the eddy current 
damping as proposed by Becker plays a minor role and the critical frequency at 
which the initial permeability significantly begins to decrease does not de- 
pend on the resistivity of the metal. The critical frequency of iron has been 
calculated to be 6-10° cps. Birks' experiments on semiconductors and the dis- 
persion of permeability of metals give critical frequencies in fairly good 
agreement with Déring's theory. 

Kittell9 has attributed the dispersion of the initial permeability ob- 
served in ferromagnetic resonance experiments to a damping factor of unknown 
origin. 

It would appear from all the above theories that the critical frequency 
at which the initial rf permeability begins to decrease significantly is 
directly dependent upon the size of the domain and/or its behavior under the 
influence of a rapidly alternating field. It is reasonable to assume that an 
increase in temperature should change the value of critical frequency in a 
manner depending upon the mechanism involved at high frequencies and thus 
change the values of wR and wy, for a given sample. Hence determination of LR 
and wy, for the same samples at different temperatures should give a clearer 
indication of the cause of dispersion of the initial permeability with fre- 
quency. Experiments to find the temperature dependence of rf permeability 
at ~3 cm are in progress. It is also proposed to study how Up and Uy, vary 
with the thickness of the ferromagnetic sample. 
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RADIOFREQUENCY MAGNETIC SPECTRA OF MIXED FERRITES 
- L.A.Fomenko 


The paenetic radiofrequency spectra of the complex permeability u' = 
=H, - jug of simple and mixed polycrystalline ferrites have been the sub- 
ject of numerous investigations.1-16 The purposes of the present report are 
to describe briefly our new experimental data on the magnetic spectra of 
mixed ferrites measured in very weak fields in the frequency range from 0.2 
to 60 Mc, to discuss these results and to suggest methods of characterizing 
such spectra. 

The spectra were investigated by the procedures described earlier. 4,6,14,16 
The measurements were carried out on a large number of toroidal samples (over 
100) of Ni-Zn, Ni-Zn-Cu, Ni-Zn-Be, Ni-Zn-Mg, Li-Zn and Mn-Zn ferrites charac- 
terized by initial permeability values from some tens to 2000 gauss/oersted. 
We investigated the influence on the character of the spectra of the following 
factors: a) the ''scatter'’ of the technological processing conditions, it Cons 
the more or less minor variations of the conditions of preparation inevitable 
in industrial production of cores, b) significant differences in the technolo- 
gy of preparation, c) certain variations in the composition of the mixed fer- 
rites, d) the cross section area of the core, i.e., the influence of turning 
down the core, e) quenching, f) the temperature of measurement, which was vari- 
ed up through temperatures above the ferromagnetic Curie point 9, and g) other 
factors. 

With few exceptions all the samples were investigated in the absolute 
zero magnetization (fully demagnetized) state and in the remanence state. 
Earlier measurements14,16 on ferrites of the same composition and sintered 
at the same temperature showed that the relations between the spectra observed 
in both these states for specimens of the same type are remarkably constant, 
which indicates a certain regularity of these relations and makes it possible 
to use them as the basic criterion for evaluating the character of the magnet- 
ization processes of ferrites in weak fields, particularly, since there are no 
other suitable criteria for specimens of the given type which in the radio 
and super-high frequency ranges have "one dispersion'' region spectral0,11,13, 
While the use of this criterion has not been justified theoreticallyl2,17, 
judging by the results of Rado, Wright & Emerson,° it is consistent in the 
case of ferrites with a residual to saturation magnetization ratio JR/T, 0.5 
with the experimental data. We feel that the qualitative agreement of our 
data obtained on the basis of this criterion with the general physical con- 
cepts concerning magnetization processes can serve as an added argument in 
favor of the validity of this method of analyzing the phenomena. 

We shall first describe some of the results of our experiments. 

1. We investigated the magnetic spectra in the absolute demagnetized 
state of ordinary commercial samples of Ni-Zn ferrites prepared both by de- 
composition of Ni and Zn salts (Oxifers!8) and by the mixed oxide procedure. 


*Or in terms of the notation used earlier4,7,14,16 y' = wy - jp'. 
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Fig.l. Magnetic spectra of 
Ni-Zn ferrites measured in 
the state of absolute de- 
magnetization: 1,2 & 3) 
Oxifer-1000 samples, and 

4) NIs-1000 ferrite sample. 


Fig.2. Magnetic spectra of 
1 & 2) sample of Ni-Zn-Cu 
ferrite L(Ni0) 9. 93 + 

+ (Z2n0)9,26 +_(Cu0)9,04 + 

+ (Fe903)0,49 | and 3 & 4) 
sample of Ni-Zn ferrite 
[(Ni0) 9,25 + (2n0) 9,26 + 

+ (Feo03) 9. 49 sintered at 
11409; curves 1 & 3 are for 
measurements in the absolute 
demagnetized state while 
curves 2 & 4 are for 
measurements in the reman- 
ence state. 


temperature range of our investigation no "compensation" temperature24 


detected). 


In view of the fact that the frequencies fu and /, are approxi- 
mately equal to the mean resonance frequencies of the ferrite material and 
that the validity of Eq.(1) does not depend on the character of the magnet— 
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It was found that samples of ferrites close as 
regards composition and having approximately 
the same values of initial permeability Va and 
saturation magnetization Jg are characterized 
by magnetic spectra of approximately the same 
type which, however, may have either a resonance | 
or a relaxation character, presumably because of 
the scatter of technological processing condi- 
tions. This conclusion can, for example, be 
drawn from the data of Fig.l which shows the 
spectra of three samples of Oxifer-1000 plotted 
on the basis of results of measurements on ten 
cores and one sample of NIT's(= NiZn)-1000 ferrite 
prepared by the mixed-oxides procedure. 

Resonance peak type spectra are typical 
of samples having relatively small loss tangent 
values, tan 5 = Uo/Hi < 0.1, in the region of 
the beginning of the resonance rise of the dis- 
persion curve (yw, vs £) and, consequently, a 
comparatively small phenomenological Landau- 
Lifshitzl? damping constant. Probably these 
samples have narrower resonance and relaxation 
frequency bands due to the greater homogeneity 
of the material. The lowest loss in this fre- 
quency range and the most pronounced resonance 
peak among the investigated ferrites was foundl4 
for one of the Ni-Zn-Cu ferrite samples (Fig.2). 
When the CuO in the initial composition of this 
ferrite is replaced by ZnO, the height of the 
resonance peak of the real part of the permea- 
bility yw, is reduced (Fig.2); this decrease may 
be described by the increase of the ratio of 
the Landau-Lifshits phenomenological damping 
constant to Jg,inasmuch as the value of J, is 
appreciably reduced (~30%) upon replacement of 
the CuO with ZnoO. 

The values of the absorption peak frequency 
j. and of the frequency /;, at which the perme- 
ability equals half its value at low frequencies 
for the investigated ferrite,are given by the 
expression 


J, 
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where C = ge/2mc~e/mc = 17.6 Mc/oersted and 
§ is the spectroscopic splitting factor, which 
according to Refs.20-22 may be assumed to be 

equal to 2 (it should be noted that in the | 


was 


ities 
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; 2 * 
ization processes” a theoretical basis for Eq. (1) is furnished: 
a) in the case of predominance of domain rotation processes, by the 


ae of Landau-Lifshitsl9 and Snoek! which gives the following familiar 
ormula 


4528 _omemeee. i 4 ge J, 
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ae (2) 
b) in the case of predominance of wall displacement processes, by the 
theory of Landau-Lifshitsl9 and Déring23 which yields the following relation- 


ship for the 90° walls 
, ae Va tae 
%dis 2me Vanes (3) 


c) in the case of approximate equality of the contribution of domain 
wall displacement and domain rotation processes, by the approximate equality 
of the mean resonance frequencies of the ferrite material due to both types 
of magnetization process. 

In Eqs. (2) & (3) Hic 2k/s, is the internal effective magnetic field in 
the ferrite material2°, k is the effective anisotropy constant, !'a,,.; is the 
initial rotation permeability, Pamp—-1= 492/k, Magi. is the initial wall dis- 
placement permeability and A/d is the ratio of the effective thickness of the 
boundary layer to the average size of the ferromagnetic domains. Phenomenolo- 
gically from our experimental data9,14,16 we should write 


EY ADS | 

d © Pag st? (4) 
which, however, is not in agreement with Vonsovskii's formulas (Ref.25, pp.258 
& 260) expressing this ratio in terms of the exchange energy, the anisotropy 
energy, the lattice constant and the size of the crystal sample. 

2. We investigated the magnetic spectra in the remanence state both of 
ordinary commercial samples of Ni-Zn ferrites prepared by different industri- 
al procedures and of specially prepared samples of different composition. It 
was found that the quantitative relations between the spectra in the demagnet- 
ized state and the remanence state of every ferrite sample and, consequently, 
(taking into account that the values of JR/T ¢ for most of the investigated 
samples were close to 0.5) the ratios of the relative contributions of wall 
displacement and domain rotation processes to the magnetization depend strongly 
on the composition, the sintering temperature tg and the cooling procedure. 

The dependence of the character of the magnetization processes in ferrites 
on the sintering temperature was not taken into account in our earlier investi- 
gations2>3 although from general physical considerations it follows!4,16 that 
at low sintering temperatures the contribution from wall displacement processes 
must be small inasmuch as the large number of inclusions (impurities, cavities, 
etc.) present in such cases tend to "fix" the walls at many points and hinder 
their displacement, thereby reducing !"cqic; wall displacement is further 
hindered in this case by large internal stresses 5i- With increasing sinter- 
ing temperature, internal stresses are relieved and the number of inclusions 
is reduced so that (ag;, must increase and attain a maximum value at some 
optimal sintering temperature tg and then start decreasing because of increase 
in the number of inclusions formed by the decomposition of the excess ferrite. 
Theoretical support of the above argument is furnished by Kondorskii's theory 
of stresses (Ref.17, p.352), Kersten's theory of inclusions (Ref.17, p. 395) 


*This follows both from our results14,16 and from the data of Rado, 
Wright, Emerson & Terris?. 
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and the theory of the initial rotation permeability developed by Akulov (Ref. 


25, p.362). 


We verified the above hypothesis by measurements on a group of 


ferrite samples of different composition which were sintered at different 


temperatures. 


The experiments showed that aa 
optimal sintering temperature tg corresponding to the minimum 


for each ferrite there is a certain 
value of the 


ratio of the initial permeability ar in the remanence state to the initial 


permeability », in the demagnetized state and, conse 
tive contribution from wall displacement processes. 


quently, to a maximal rela- 
As regards absolute value, 


the optimal sintering temperature differs for ferrites of different composi- 
tion. The highest value of the sintering temperature (ts > 1330°) was observed 
for the most stable Ni-Zn ferrite composition (Oxifer-2000 - approximate molar 
composition 15% NiO + 35% ZnO + 50% Feg03) which is consistent with our hypo- 


thesis and the x-ray diffraction data of Erastova?® 


indicating that there is 


little decomposition of this ferrite at relatively high sintering temperatures. 
The lowest value of tg (about 1140°) was observed for the Ni-Zn-Cu fer- 


rae 
rite 


in which the Cu-ferrite begins to decompose at the relatively low tempera- 


ture of about 850° (the magnetic spectra for this ferrite are shown in Eigecje 
Investigations of the Ni-Zn ferrite having the composition (Ni0)9,95(Zn0) 9,95 
(Fe203)9,5 prepared by the method of decomposition of a mixture of the salts 
showed (Fig.3) (as might be expected in view of the fact that the decomposition 


fyifp Seuss/oersted 
450 


Fig.3. Magnetic spectra of 
Ni-Zn ferrites in the abso- 
lute demagnetized state; 
composition - (Ni0)g,95 
(209) 9,25 (Fe993) 05+ 
Samples sintered at 1) 1110°, 
2) 1240°, 3) 14209, The 
values of the ratio UgpR/t, 
are 0.6, 0.39 and 0.81, re- 
spectively. The dash line 
shows the remanence state 
spectrum for the specimen 
sintered at 1240°. 
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*The ratios por/pa and Jp/Jg 


of the excess Ni ferrite begins at 1200° - Ref. 
26) a somewhat higher optimal sintering tempera- 
ture t$*1240°). Analogous results were obtained 
for samples of Ni ferrite of stoichiometric 
composition prepared by decomposition of a mix- 
ture of the salts and sintered at 1110, 1240, 
1375 and 1420°; the values of the ratio woar/pa 
for these samples proved to be 0.84, 0.56, 0.77 
and 0.9, respectively. It is possible that 
these regularities apply also to the Ni ferrites 
studied by Brown & Gravell3, although as regards 
absolute initial permeability our samples had 
values approximately 4 times greater than those 
of Brown & Gravel. 

We must also note the influence of the com- 
position of the ferrite and the method of cool- 
ing on the increase of the ratio Par/ta and, 
consequently, on the decrease of the relative 
contribution from wall displacement processes 
in Ni-aZn ferrites (in the range of high zinc 
oxide concentrations) as a function of the 
amount of ZnO present and incident to quenching 
of the samples (Fig.4). The influence of zno, 
according to Snoekl , Radol9 and the writerl6 
is evinced in a decrease of the anisotropy con- 
stant of the ferrite, while the influence of 
quenching is to increase the internal stresses 
and inclusions hindering wall displacement. 


in this case were equal to 0.5 and 0.55, 


respectively, which indicates that wall displacement processes predominate 
in the general magnetization of the Ni-Zn-Cu ferrite (sintered at 1140°) in 


very weak fields. 
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Fig.4. Magnetic spectra of 
Oxifer-2000-1 type Ni-Zn 
ferrite measured in the 
state of absolute demag- 
netization (curves 1 & 3) 
and in the state of reman- 
ence (curves 2 & 4). 
Curves 1 & 2 pertain to 

a sample prepared in the 
conventional manner, for 
it J, = 195 gauss and 

Jp = 95 gauss. Curves 3 
& 4 pertain to the same 
specimen after quenching 
from 650° in oil; for it 
Js = 260 gauss and Jp = 

= 21 gauss. 


and, consequently, is in agreement with Eq.(3) given by Déring. 
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It should also be noted that the sintering 
temperature and composition of the ferrite have 
a strong effect on the temperature coefficient 
of the initial permeability which apparently 
attains a maximum for ferrites sintered at ts, 
i.e., at the temperature yielding the maximum 
Har/Ua ratio. Quenching sharply reduces this 
temperature coefficient. This decrease can be 
understood in the framework of Kersten's theory 
as a result of the influence of inclusions inas- 
much as according to this theory, other condi- 
tions being equal, the temperature dependence 
of a is determined by the temperature depend- 
ence of the anisotropy constant entering into 
Kersten's equation to the 1/2 power, while the 
Kondorskii theory of stresses and the theory of 
the initial rotation permeability define the 
temperature dependence of 2 as a linear func- 
tion of the anisotropy k or the magnetoelastic 
energy is Ji. 

3. In the case of some samples of Ni-Zn 
and other ferrites (for example, the samples 
characterized in Fig.2) sintered at temperatures 
close to the optimal, undoubtedly wall displace- 
ment processes play a dominant role; the mechan- 
ism of dispersion can be described according to 
Landau-Lifshits!9 and Déring23 in terms of in- 
ertia of the effective mass of the domain walls. 
As further substantiation of this deduction one 
might consider!4 the shift of the frequency cor- 
responding to maximum absorption for the in- 
vestigated ferrite specimens in going from the 
demagnetized to the remanence state; this shift 
as determined experimentally for samples charac- 
terized by weak damping is described (see curves 
1 & 2 of Fig.2) by the equality 


ee & 
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The initial 


permeability of these ferrites can be ascribed,in accord with the general 
theory of reversible wall displacementl?, to the influence of inclusions and 


internal stresses in the samples. 


Evidence in favor of the influence of the 


internal stresses on the initial permeability in ferrites is furnished by 
the observations of Rado2,19, Brown & Gravel13 and others?»® who found two 
dispersion regions in a number of ferrites characterized by low values of 
saturation magnetostriction and one dispersion region in Ni-Fe ferrites 
characterized by appreciably higher values of the saturation magnetostriction. 
Our inference that wall displacement processes play a predominant role in 
some Ni-Zn ferrites is also in agreement with the low calculated values of 
He for the latter obtained from the values of the anisotropy constants and 
internal fields familiar from the work of Miles21, 
For some of the other ferrite samples sintered at very low or very high 
temperatures domain rotation processes may be assumed to predominate and the 
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Fig.5. Fig.6. 


Fig.5. Temperature dependence of the maximum absorption frequency 
fu in the magnetic spectra of ferrites of different composition: 
1) Oxifer-2000-1, 6 = 70°; 2) NTs-2000, 6 = 118°; 3) NTIs-1000 
(Ref.16), @ ©1249; 4) Oxifer-200, 9 ~ 154°; 5) Ni-Zn-Cu ferrite, 
ts = 11409, o= a29°°% 
Fig.6. Temperature dependences of the magnetic spectra of Ni-Zn-Cu fer- 
rite measured in the absolute demagnetized state (solid lines) and in 
the remanence state (dash lines): 1) -80°, Js = 460 gauss, Jp = 290 gauss; 
2) -226°, J, = 72 gauss; 3) 2320 5 J, = 10 gauss. The spectra of both 
states of the ferrite merge at 232°. 


dispersion mechanism according to Landau-Lifshits!? and Snoek! can be described 
in terms of the precession of the electron spins in the internal effective mag- 
netic field of the anisotropy of the ferrite material. In the case of many of 
the samples, however, in describing the dispersion one should probably take 
into account the influence of both dispersion mechanisms. 

Preliminary investigations of turned-down samples, moreover, indicate a 
certain nonuniformity and, consequently, we believe that the actual spectrum 
of a ferrite should be regarded as the sum of a certain number of more ele- 
mentary spectra associated with individual layers or regions of the sample. 

4. Investigations of the temperature dependence of the magnetic spectra 
carried out on five samples of Ni-Zn ferrite with p, = 200-2000 gauss-oersted 
and a sample of Ni-Zn-Cu ferrite with », = 370 gauss/oersted showed, in ac- 
cord with earlier results!,7,9,12, that with increasing temperature the fre- 
quency fy, of the absorption peak at first goes down, attains a minimum at a 
certain temperature ta, the "thermal maximum of the rf magnetic viscosity" 
of the ferrite material and then begins to increase (Fig.5). This character 
of the temperature dependence of the peak absorption frequency apparently is 
not determined by the character of the magnetization processes in the ferrites 
at 20° and for all of the investigated samples is approximately described by 
Eq. (1), which thus appears to be generally applicable. Convincing in this re- 
spect are the results of investigation of the temperature dependence of the | 
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Fig.7. Temperature dependence 

of tan 8 for mixed ferrites: 

1) Oxifer-2000-1, 9 = 70°, f¢ = 
= 0.25 Mc, 2) NI's-2000, 9 ~ 118° 
f = 0.25 Mc, 3) NTs-1000, @= 
124°, f = 0.25 Mc, 4) Oxifer- 
2005) G2 154° fo=t1 Mc, 5) 
Ni-Zn-Cu ferrite, tg = 1140°, 

@ = 232°, f = 0.25 Mc, 6)Oxifer- 
400, 6 ~ 148°, f = 0.39 Mc. 
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magnetic spectra of one of the Oxifer-2000-1 
Ni-Zn ferrite samples for which the wu, and 
Js vs temperature curves are characterized 
by long tails in the temperature region 
above the Curie point and the results ob- 
tained for Ni-Zn-Cu ferrite (Fig.6) which 
exhibits a wide range of variation of the 
frequency /, of saturation magnetization and 
the initial permeability. 

The character of the temperature de- 
pendence of the loss tangent in the frequency 
range 0.01 fux</f</f, can be determined with 
the aid of the expression given in Ref.4: 
Ug—1 


tes = = a> = i Se " 
8 M1 tii C J, (6) 


Calculations by means of this expression, 
which are in agreement with the experimental 
data (Fig.7), show that the loss tangent in 
ferrites attains a maximum value at the 
temperature of the "thermal maximum of the 
rf magnetic viscosity’. The temperature 
dependence of the magnetic spectra in the 
region of low temperatures for ferrite 
samples in which wall displacement processes 
predominate can be described by means of 


both the inclusion theory of Kersten and Kondorskii's theory of stresses as 
being associated with decreases of J,, & and i,o;. With increasing tempera- 
ture the contribution from domain rotation processes increases as follows 
both from general physical considerations and from the results of experiments 
on the temperature dependence of the magnetic spectra in the demagnetized 


and remanence states (Fig.6). 


At temperatures approximately equal to or 


greater than ta, although the predominant role is apparently played by rota- 
tion processes, the character of the temperature dependence of the magnetic 
spectra cannot be described by the variation of the anisotropy constant or 
the spectroscopic splitting factor (inasmuch as even at the Curie temperature 
the anisotropy goes to zero, while in the region of anomaly of the g-factor, 
according to Torizuka, Kojima & Fujimura2? the internal field of. the ferrite 
must also vanish) and may possibly be due to precession of the electron spins 
in the effective field induced by internal stresses in the ferrite, if we 
assume that the magnetostriction of the ferrite at t >0 has a finite value 
and passes through a partial maximum. 

In conclusion it must be noted that in the case of resonance spectra, 
degeneration of these into relaxation spectra is observed a) upon increase 
of the temperature of measurement, b) as a result of quenching the sample, 
c) as a result of increasing the ZnO content of the ferrite and d) in conse- 


quence of using excessively high or low sintering temperatures. 


These data 


indicate that the resonance shape of the magnetic spectra of ferrites is 
probably due to resonance of the domain walls. 
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MAGNETIC SPECTRA OF MAGNETODIELECTRICS OF THE ALSIFER TYPE 
- L.A.Fomenko 


Our measurements of the magnetic spectra of TCh-60 (TY-60) and TChK-55 
CPYH-55) magnetodielectrics of the Alsifer type were carried out on toroidal 
samples in very weak fields according to the procedure described earlier.+ 
The dimensions of both cores were approxi- 
mately the following: inside diameter, 1.3 
cm, outside diameter, 2.4 cm, cross section, 
1.3 cm?. From the experimental data we cal- 
culated the real uj and the imaginary oh) 
components of the complex magnetic permea- 
bility wy = uy - jue and the value of the 
magnetic loss tangent tan § = Me/p, at dif- 
ferent frequencies (see accompanying figure). 

In general the frequency dependence 
of the permeability of a magnetodielectric? 
is determined by 1) the dispersion of the 
material itself, due to microprocesses, 2) 
dispersion due to the shape of the particles 
and 3) dispersion due to the structure of 
the composite core or sample. In view of 
this, solution of the problem of finding 
the frequency dependence of the permeabili- 
ty in the general form is difficult. 

We made an attempt to calculate the 
frequency characteristics of our magneto- 
dielectrics on the assumption that the 
a) Magnetic spectra, b) frequency characteristics are determined primarily 
dependence of the magnetic loss by the eddy currents induced in the parti- 
tangent of magnetodielectrics of cles of the material. By way of theoretical 
the Alsifer type: 1) TCh-60, 2) model we assumed the model of an idealized 
TChK-55. magnetodielectric (proposed by Kornetzki 

& Weis3) consisting of cylindrical particles 
of metallic ferromagnet with a length greatly exceeding the diameter and the 
cylinder axes oriented in the direction of the magnetic field. A certain 
physical justification of this model in the case of high permeability magneto- 
dielectrics is furnished by the probability of formation of "chains" by the 
individual contacting metallic particles. The calculations were carried out 
by means of the following equations: 


W17 = Cyta, Wo = Dmt, and tan & = DnCn, 


where C,, and D, are coefficients determined as functions of the frequency 
and the eddy current loss coefficient &, from the curves of Figs.1 & 5 of 
Ref.4. The values of tan & were determined directly from the curve of Fig.6 
in Ref.4. These curves were plotted by the writer on the basis of the data 
given by Arkadtev9. Evaluation of the coefficients S¢ carried out on the 
basis of the results of low frequency measurements gave 8, = 50°10-9 for 
TCh-50 and S¢ = 30-10-29 for TChK-55. These appear to be plausible values 
inasmuch as the magnitude of this coefficient for TCh-60, according to Rabkin 
& Shol'ts, should not exceed 200+1079, 

Comparison of the results of calculation with the experimental data shows 
that the divergence in general is less than +20%. It was felt that these 
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results may be of practical interest inasmuch as the method of calculation 
in this case is very simple and the results for the radiofrequency range 
are in satisfactory agreement with experiment despite the rough character 
of the model and neglect of the dispersion associated with the material 
itself and with the structure of the composite sample. 
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FERROPROBE MAGNETOMETER FOR INVESTIGATING THE PROPERTIES OF SMALL SAMPLES 
OF MAGNETICALLY SOFT MATERIALS 


-‘V.I.Drozhzhina & L.A. Fridman 


The magnetic characteristics of ferromagnetic materials are often measured 
by means of magnetometers of the type in which the indicator consists of a 
moving astatic system of two permanent magnets suspended by a thin filament. 
Owing to the presence of this rotating system, magnetometers of this type 
suffer from a number of shortcomings: sensitivity to mechanical vibrations, 
zero drift and shift upon application of strong magnetic fields, etc. These 
shortcomings can be largely eliminated by replacing the movable astatic sys- 
tem by ferroprobes!,2 the operation of which is based on the nonlinearity of 
their magnetization curve. 

Ferroprobes with transverse excitation were first used some time ago for 
open magnetic circuit measurements of the coercive force Hg (40 oersted) of 
relatively large specimens.3 There is also mention in the literature4 (but 
without description of the experimental conditions) of the use of ferroprobes 
with longitudinal excitation for measuring He and determining the magnetization 
curves of specimens of different dimensions down to very small ones, also in 
an open magnetic circuit. 


i a ee eh We designed and constructed two 

magnetometers employing differential 
ferroprobes with longitudinal excitation 
as indicators and tested their suitabil- 
ity for measurement of the coercive 


force of small specimens of magnetically 
soft materials. Our ferroprobes con- 


mm 
mm 


Coil 


Enameled 


wire, 
Length of 
‘winding, 


Indicating 


sisted of two cores (90 x 3 x 0.1 mn) 
Compensating of 80 NkhS permalloy, mounted side by 
Magnetizing side in textolite forms carrying three 

coils having the following characteris- 
tics. 


The excitation or magnetizing coils 2 (see accompanying figure) are con- 
nected in series so that the fluxes induced in the two cores form a continu- 
ous magnetic circuit; an appropriate generator sends an 80 milliamp,1000 cps 
alternating current through these coils. The indicating circuit. consists of 

Cu 20 a null indicator (an M91/A galvanometer with a sensi- 
rectifiers tivity of 1.5-1078 amp per scale division and an in- 
ternal resistance of 3500 ohm) connected in series 
with a symmetrical nonlinear resistance (two anti- 
4 parallel connected MKV-7-1 copper oxide rectifiers) 
and the indicating coils 1. These coils are differ- 
(1) entially connected? so that in the absence of an ex- 
ternal constant field the sum of the electromotive 
forces induced in them, consisting in this case only 
of the odd harmonics, equals zero. In the case of 
magnetization of the cores by an external magnetic 
field the emf's in the indicated windings of each 
cores comprise, in addition to the odd, even harmon- 


(cen) ics which are not compensated and thus serve as a 

measure of the external field. The compensating 
Diagram of ferroprobe coil (not shown in the figure) serves to neutralize 
magnetometer: 1) indi- the effect of the external constant field on the 
cating coils and 2) ferroprobe. 


magnetizing coils. 
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The arrangement described above is called a field intensity ENS The 
first ferroprobe magnetometer tested by us had the following design character- 
istics. It consisted of two identical solenoids 250 mm in length with an in- 
side diameter of 8 mm wound on copper pipes having a wall thickness of 1 mm 
and located horizontally one above the other with a center line to center 
line distance of 20 mm. The investigated specimen was placed into one of 
the solenoids. The differential ferroprobe field meter was located between 
the solenoids; it served to indicate the presence of the stray magnetic field 
due to the magnetization of the specimen. The solenoid windings were connected 
in series-opposition so that the solenoid fields at the point of location of 
the ferroprobe compensated each other. The influence of the alternating stray 
field of the ferroprobe on the investigated specimen was obviated by the shield- 
ing action of the eddy currents in the copper pipe carrying the solenoid wind- 
ing. The solenoids and the ferroprobe were mounted on a wooden board, equipped 
with bubble levels and screw legs for positioning in the horizontal plane. The 
ferroprobe was mounted parallel to the solenoid axes. 

Before the beginning of measurement the magnetometer assembly as a whole 
was set normal to the horizontal component of the earth's magnetic field, 
using the indication of the ferroprobe. In measuring the coercive force He 
the specimen is first magnetized, the magnetizing field is then removed and 
a gradually increasing demagnetizing field is applied; with reduction of the 
magnetization of the specimen the constant field acting on the ferroprobe de- 
creases. The instant when the specimen is fully demagnetized, i.e., when the 
field of the solenoid corresponds to He of the specimen, is precisely indicated 
by the ferroprobe. 

A magnetometer of this type is sensitive to variation of any extraneous 
magnetic fields present (i.e., is not astatic) and hence can be used only for 
rough evaluation of the magnetic characteristics of materials such as permal- 
loy. 

We also constructed and tested an astatic version of the ferroprobe mag- 
netometer. In this magnetometer the indicating unit consisted of two differ- 
ential ferroprobe field meters connected into a gradient-meter circuit; one 
of the field meters was located between the solenoids (just as in the first 
version of the magnetometer) and the second in the horizontal plane, parallel 
to the first and at a distance of 130 mm from it, i.e., at a point where the 
field of the specimen is negligibly weak. The indicating coils of the two 
ferroprobe field meters were connected in series-opposition. 

The utilized arrangement makes it possible to measure both the fields 
at the points where each of the ferroprobes is located and the difference 
between the fields at the two points. The set-up is relatively insensitive 
to variations of extraneous magnetic fields with a weak gradient in the vicini- 
ty of the magnetometer. In this magnetometer one division of the indicating 
instrument corresponded to 3.7°1079 oersted. By means of the described astat- 
ic ferroprobe magnetometer we were able to measure with adequate accuracy the 
coercive force (down to H, * 0.02 oersted) of permalloy specimens 0.1 and 0.08 
mm thick, 3 mm wide and varying in length from 40 to 100 mm (the weight of 
the smallest specimen was~0.1 g). The lowest measureable value of He and 
the minimal size of the investigated specimen can be reduced by edhanetne 
the sensitivity of the magnetometer, for example, by increasing the number 
of turns of the indicating coils or/and the frequency of the magnetizing cur- 
rent. The time required for individual measurements on the described magneto- 
meter is about 30 sec. The ferroprobe magnetometer can also be used for re- 
cording the magnetization curves and hysteresis loops of specimens by the 
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compensation procedure. This can be done by passing a current through the 
compensating coils to produce an opposing field neutralizing at the point of 
location of the ferroprobe the stray field due to magnetization of the speci- 
men. The process of measurement can be automatized more readily with ferro- 
probe magnetometers than in the case of other types. 

There are already in use two coercimeter models with automatic compensa- 
tion, one in which the compensation is electronic? and the other in which a 
magnetic amplifier is used©®. These instruments are used for measuring He of 
electrotechnical iron specimens 2250 mm in length and < 30 mm in width in a 
closed magnetic circuit. With these instruments the individual measurement 
time is only a few seconds. The use of automatic compensation in conjunction 
with a ferroprobe magnetometer of the type described should make it possible 
to reduce the measuring time to a few seconds. 

One of the outstanding positive features of the described ferroprobe 
magnetometers is the simplicity of the indicating circuit. The usually rather 
complex electronic circuits commonly employed with ferroprobes are replaced 
here by a simple symmetric nonlinear resistance. 


Institute of the Physics of Metals, 
Ural Branch, USSR Academy of Sciences 
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MAGNETIC MOMENTS AND CURIE CONSTANTS OF FERROMAGNETIC ALLOYS 
- F.M.Gal'perin 


he difficulties inherent in the many-electron problem, we 
relationships for quantitative calculation of even the 
ie characteristics of ferromagnets. In earlier publica- 
uthor gave empirical expressions for the atomic magnetic mo- 
urie points and certain other properties of the pure ferromag- 
In the present report we suggest analogous relationships for 
eys and show on the example of iron-chromium and iron- 

hose structure has been investigated by the neutron diffrac- 


methods, that the proposed relationships are in agreement with experi- 
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us consider the strongly coupled electron approximation. 4-7 In 
the s-electrons are preponderantly at a distance R, from the atom- 
and the d-electrons are at a distance Rg from the nucleus, where 


7] 
YY w 
ee 41] 


QO ¢ 
be 
oo Wi 
¢ 
bu OO © 
bet 
F 
n 


1 FO tae oF 
7] 
w 
rs 


ively. 

The minimum interelectron distance (along the straight line connecting 
the atomic nuclei) between an s-electron of an A atom and the d-electrons of 
neighboring A atoms is rj - Ra; the distance between an s-electron of aB 
atom and the d-electrons of neighboring B atoms is rj, - Rg; the distance an 
s-electron of an A atom is from the d-electrons of neighboring B atoms is 
Ty - Rag: where r, is the interatomic distance in the first coordination 
sphere (hereinafter c.s.); Rap = faRa + feRg, where fa is the atomic concen- 
tration of component A and fs is the atomic concentration of component B. 

Im the case of the first transition group in the periodic tables (this in- 
cludes Ni, Fe, etc.) 


Ra = 013 [(Za/ 22 — (44,75 — w) Z, + 26 (9,05865 — x) A 


where Z, is the atomic number of element A, w= 0 for Za, > 26 and w= 1 for 
Za < 26. is given by an analogous relationship. 

These interelectrondistances are very small (see accompanying table), 
SO that we can expand the expressions for the atomic moments, the Curie 
points and other parameters dependent on them in series in powers of ryo> 
— Ra, ) - Rg and ry — Rag and limit the expansion to the first term, i.e., 
we cam regard these parameters as being linearly dependent on the inter- 
electron distances (see Bq.(1) in Ref.7). 

Let us divide binary alloys consisting of components A and B (trans- 
ition metals) into two groups. Let us class in the first group those in 
which the dirtference r) - Ray < 0 and in the second in which rj - Rap > 0. 
Smong the alloys we shall consider below, the Fe-Cr alloys with an A2 type 
lattice, as in iron, and Fe-Ni alloys with an Al type lattice as in nickel 
im the concentration range from 25 to 67 atomic percent Ni belong in the 
first group, while the Fe-Ni alloys with the same lattice but with a con- 
centration of Ni exceeding 67 at.% belong in the second group. Fe-Ni alloys 
with a nickel concentration from 0 to 25 at.% have an A2 type lattice. 

Let us tentatively assume that the empirical relations for the differ- 
ad ier RECN of ferromagnetic binary disordered alloys are the same as 

pure ferromagnetic metals but that the dimen parame 
inte these expressions are given by a ae 


are the radii of the s- and d-shells of the isolated atom, respect- 
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Lona => 4] + 0,641 [n; (7; — Ry) “bh Ng (7. == Rs)] Ve (Tan bes 0), (1) 
Tay = 0,641 [n, (7; — Rap) + nz (72 — Raz) fase, (2) 
Ton = —0,13N ga (Naa — rea + 7) / (Naa —1), (3) 


where the upper sign (+) in (1) here and below pertains to the first group of 
binary alloys and the lower sign (-) to the second group; 7; is the total 
number of neighbors of the atom in the first c.s., n, is the total number of 
neighbors in the second c.s., 7 is the interatomic separation in the second 
c.s., 7 = 0 for the first group, 7 = 1 for the second group, N,, is the number 
of unpaired d-electrons of atom A and n;, is the total number of s-electrons 
of atom A. Ipp is given by an expression analogous to (1) and Ipn by an ex- 
pression analogous to (3). For lattices of the Al type usually only the first 
c.s. (12 nearest neighbors) is taken into account, while for lattices of the 
A2 type both the first and second coordination spheres are taken into account. 
Accordingly, for the Fe-Ni alloys we will take into account only the first 
terms in the brackets in Eqs.(1) & (2), while for Fe-Cr alloys we will also 
take into account the second terms. 


Properties of iron-chromium and iron-nickel alloys 
Concentration of second component (atomic %) 


Properties ; : : ; 
iron—chromium l1ron—nickel 
of the ~ 

alloys» 14,8 30,2 48,8 | 40 50 60 1a** 
ny (7),A 8 (2,4826)|8 (2,4844) |8 (2, 4861)}12(2,539)/12 (2,528)|12 (2,521))12 (2,508) 

Np (rz), A 6 (2,865) |6 (2,867) |6 (2,869) = = = = 
eee 2,7813 | 2,8305] 2,8918| 2,603} 2,571] 2,53 2,489 
1—R,p, A —0,299 | —0,346 | —0,406 | —0,064| —0,043 | —0,017 | +0,019 
Bit 0,435 0,630 0,807 0,451} 0,606| 0,739} 0,892 

Tong = 0,949 4-0 665) 0,128 0,840} 0,769 0,687 0,567 

Pe —0,150 | —0,345 | —0,540 | —0,118} —0,083 | —0,031 0,028 
ae 1,549) 1,395 1,264 4,108 
For Re ees Rg ae 1,313 1,433 
Toallaaan —0,335 | —0,373 | —0,412 | —0,469 
igviies —0,449 | —0,422 | —0,400 | —0,362 
ies 2,14 2,00 1,83 2,451| 2,606 | 2,739] 2,892 
Mp, Up —0,62 | —0,06 0,85 0,844} 0,769| 0,687| 0,567 
ee ee 2,94 2,44 4/52 P42 1,92 2,08 2,30 
—I,p tplexper| 2,854 | 2,38+ | 1,62+ 4,93+ | 2,064] 2,314 
40,10 [3]|--0,07 [3]}+0, 14 [3] 40, 20 [3]] 40, 21 [3]] +0, 22 [3] 

m, bp 1,84 4,41 193 1,744] 1,604 4,435 4,107 
Gs, 7 284 2378 4D 372 2,363 

Cs 0,337] 0,344 0,345 | 0,351 

CG 1,44 ey a, ae 0,88 


2 
*Ryi = 2.4082 A, Roo = 2-5382 A, Rre = 2.7332 A and Rey = 3.0582 A. 
N,= 4 for Fe and Cr, and NV, = 2 for Ni (we assume ”, = 2 for ge AAES 
The data on 7, m, 7, and r. for Fe-Cr alloys are taken from Adcock”; the data 


9 
for Ni-Fe alloys are taken from Marsh”. 
. **The alloys listed in this column belong to the second group; the other 


alloys belong to the first group. 
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Hence we introduce the parameters 
Tran 1 + (0,641; (7) = Raya Lol ie (4) 
Toaa = 12 (0,641m, (r1 — Ra)fa — Bol, (5) 


where Eg is the integral part of the first term in the brackets. Calculations 
show that for all ferromagnetic metals except iron Ep = 0, while for iron 


Eo = -1l. 
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Fig.l. Variation of the atomic moments of iron-chromium and iron- 
nickel alloys and their components with the concentration in the 
alloy. Curves - calculated; experimental points: 1) Shull & Wil- 
kinson3, 2) Kondorskii & Fedotovl9, 3) Fallotll. For I,p read 
the corresponding Up value; Feynj and “Fe-cr = mM 
Fig.2. Variation of the Curie constant per gram Fe-Ni alloy with the Ni 
concentration. Experimental points from the work of Peshardl2, 


The atomic magnetic moment of the A component is 


ma / wp = e (Naa — Mea) +I aa, (6) 


and the atomic magnetic component of the alloy is 
m/s = fa (Naa —Msa) fs (Nap — rsp) +fa laa fa olpp—t lap, (7) 


where the coefficient e = 1, if both components of the alloy are ferromagnetic 
in the pure form (+); and ¢=/a, if the B component in the alloy is ferromag- 
netic in the pure form (-); ug is the Bohr magneton. 

The data for calculating the quantities in question are listed in the 
accompanying table. In Fig.1 we compare the calculated (curves) with the ex- 
perimental values (points). It must be noted that experiment” gives only the 
difference between the magnetic moments of the components A and B, namely, 
ma — Mg. In order to determine each of them separately, Shull & Wilkinson? 


SLL 


compare this difference with the moment m, found from saturation, assuming 
that m= fxm, + f/gmp, according to (7), however, m is comprised of the mo- 
ments of the components A and B represented by the first four terms in (7) 
and the moment due to interaction of the A atoms with the B atoms represented 
by the last term in (7) (see the M~a—mg—I,,z type curves in Fig.1). 


The atomic magnetic moments of component A and the alloy in the paramag- 
netic state are given by 


Marita =2,83VCx and — mp/py = 2,83'G 


respectively, where the Curie constant per gram-atom of component A in the 
general case is characterized by 


Ca ={[(Naa + Ey) (Naa + Eo + 2) + (Nya + Ey) (Nin + Ey + 2))/t- 
0,05 (oa/Tiaa — 4)nsa (mea + 2)} Lp Ji: (8) 


here the upper sign in front of the third term and t = 3 correspond to ferro- 
magnetic metals in the pure form and the lower sign and ¢= 1 correspond to 
paramagnetic metals in the pure form (for example, y-iron), L is the number 
of atoms per gram-atom and Ny, is the number of unpaired f-electrons in an 
A atom. 

The Curie constant per gram-atom of alloy equals 


C= fa Cat }sCpz + Tap degree-1, (9) 


The calculated and experimental values of the Curie constants are plot- 
ted for comparison in Fig.2. 
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INVESTIGATION OF THE MAGNET rc SUSCEPTIBILITY 
OF IRON AND NICKEL SASE SOLID SQLUTIONS 
- V.V. Parfenov 


~~ 


The differential susce; 
~ 


> 
can be represented in the fo 
saturation?:>); 


tidility in the region of strong magnetic fields 
llewing form (Vonsovskii's law of appreach to 


> x 
° ay. tH.T) 
= “ae Oo es “T Aw Fe * Ze q) 


ome =e 


where the term aH is dependent an the crystallographic anisotropy energy 
and the energy of the elastic stressesS, the term 4/f* is associated with the 
presence of inclusions and inhomogeneous stresses localized in small volumes #3, 
and y, (H, T) is the susceptiblity associated with the paraprocess, i.e., the 
intrinsic magnetization or change in the absolute magnetization due to align- 
ment of the spin magnetic moments under the influence of the external field . 

Akulov, Puzei and others®-S have carried out experimental investigations 
of the law of approach to saturation in solid solutions. The data of these 
experimentors pertain, however, primarily to the range of magnetic fields 
where the dominant role is played by the term aH“; these investigators did 
not consider the influence of impurity atoms on the other terms in expression 
@). 

For the sake of clarifying our understanding of magnetization processes, 
it is important to investigate the influence of impurity atoms oan the shape 
of the magnetization curve in the region of high magnetic fields. 

Another matter of great interest from the standpoint of the theory of 
ferromagnetism is investigation of the influence of impurity atoms on the 
paraprocess susceptibility. Present day theory gives the following dependence 
of the paraprocess susceptiblity on the field and temperature?: 


Jo—Jyy 1 (43-J,\* Paes) , any, \ 
Ee EER |. ESN fase ele) + -3f _ Se%q— \ 
x yy sil (( H jt” \ATER |: (2) 
where . r®) 
ae 
\ e 4 
A _/_& VS O00). 
ew =«(\ ars \ EF (4) 


: is = eee per electron spin moment, 4 is Boltzmann's constant, 
is the number ectron spins per aton icipat in 
and C is a coefficient dependent on the rea: Se RET pani 
It would appear feasible to evaluate from (2) and (3) not enly the prob- 
able value of the paraprocess susceptibility but also a quantity proportional 
to the exchange integral. It should be noted, however, that measurement of 
the paraprocess susceptibility is fraught with great difficulties, 
Furthermore, we feel that investigations of this Kind are important for 
the following reasons. The saturation magnetization and the Curie point are 
important magnetic characteristics. The problem of determining these charac- 
teristics, however, has so far not been satisfactorily solved. For example, 
most investigators in determining the saturation magnetization, make use of. 
the law of approach to saturation in the form J = J,(1 - aw). yet the vali- 
dity of this procedure is open to question and will remain so until we know 
exactly which magnetization processes are responsible for the behavior of 
different ferromagnetic materials in the region of strong fields. — as 
The present work was devoted to investigation of the magnetic susce 
ty of solid solutions in the region ef high fields at different t per 
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Experimental procedure 


In recording the magnetization and susceptibility curves at room tempera- 
tures, we used the electromagnet and followed the procedure described in earli- 
er contributions.19,11 yost of the measurements at room temperature were car- 
ried out in fields of up to 10,000 oersted. 

For measuring the temperature dependence of the magnetic susceptibility 
we used a solenoid with oil cooling capable of producing a fairly uniform 
field of up to 4500 oersted in the useful gap. 

With the measuring coil and galvanometer employed in the experiments, the 
sensitivity as regards measurement of AJ was 0.05 gauss/mm, that for AH was l 
oersted/mm. The total uncertainty in determining the susceptibility taking 
into account all possible sources of error could not exceed 10-12% in the 
worst case. Actually, the scatter of permeability values was much less, since 
the resultant permeability values were based on the average for 10-12 measure- 
ments at each point. 

The samples for the measurements in the electromagnet were made in the 
form of cylinders 42 mm in length and 6 mm in diameter. The samples for the 
temperature dependence measurements were made in the form of ellipsoids of 
revolution with a major axis of 70 mm and a minor axis of 7 mn. 


Results of measurement 


For analyzing the experimental values of the susceptibility we used 
Eq. (1) (taking into account the field dependence of the paraprocess suscepti- 
bility) in the following form 


(x ae) +H? = b+ CH" (5) 


(2-4)-".0* 


It will be seen from Fig.1 that for 
alloys of the Fe-Si system in the region 
<i of strong fields the term on the left in 

Eq. (5) is a linear function of H3/2 and 

j poy! that the coefficient b decreases very 
Tr ey ee ee) 9 0-054 slowly with increasing Si concentration. 

As the temperature is reduced from 
290 to 77°K the coefficient a increases 


Fig.1. Variation of (.— yr) slightly. The paraprocess susceptibility 
and the coefficient }§ did not change in 

with H3/2 for Fe-Si alloys: this temperature range within the limits 

Ry AE) MC: eB) Ye yA of our experimental accuracy. Analogous 


regularities were observed for the para- 
process susceptibility 7%, and the coefficient b for alloys of the Ni-Cu sys- 
tem. The results of our measurements are summarized in the table. 

The regularities observed for the Fe-Mo and Fe-W systems are entirely 
different. The value of the coefficient ) for these alloys differs markedly 
from that for pure iron and increases with increasing impurity (Mo or W) con- 
centration. Thus, whereas in the case of the Fe-Si panoy. with 6% Si, 4 = 
= 0.02-104, for the Fe-W alloy with 6% W, 6 =1.0-10°. The paraprocess sus- 
ceptibility in these alloys, however, remains constant within the limits of 
our measurement error. We were note able to detect in our experiment Roe 
possible weak influence of Mo or W impurity atoms on Xp, This is explained 
by the far stronger influence of the bH™* tern. 
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Table l 


Principal magnetic characteristics of the investigated 
ferromagnetic materials 


= Material J 290 Jan Azo" 10~* a,7,°10~° Dag" 10-* C299°10? KSt t0-* wD so-s 

Alloy 

-Ni, % Ni ; 
fii haces 4700 | 4740 | 14,0 | 24,4 | 350 2,0 4,0 5,3 
2 10 1670 | 4740 8.4 | 14,2 = 30 4.0 
3 24 1600 | 41680 24 ee = 1.5 ao 
4 34 970 1110 — -- 3,0 8,2 — = 
5 48 1280 | 1330 a = 1,0 ae ‘s et 
6 58 4110 1160 — — 0,9 30) -- — 
a 7 960 | 4000 = =a 0.4 1.5 = a 
8 78 820 855 0,08 0,20 0,1 Om Ons 
9 94 670 700 | 0,24 | 54,0 | 0,4 1,5 0,3 pen 
10 100 490 010 0,78 86,0 Oral ie 0,90 ae 

Alloy 

Fe-Si, % Si 

1 1.2 1670 | 1710 | 10,7 |~18,0 | 0:2 1,8 3,5 4d 
12 1759 | 1650 | 1685 8:9 | 13.0 ae 8 3,9 3.8 
13 2 1630 | 4670 6.3 9°5 — 2.6 3,4 
14 S 1585 | 1610 3'6 7, 2eal 40,45. al A. 6 2°4 ay 
15 4,0 1510 1535 tS, Lees _- at dl Die 
16 6 1460 1500 Pye Bh Oye fl AD 4S 

Alloy 

Ni-Cu, % Cu 

17 2 460 295-1} 0.675 \d6200uiudrt 1,4 0,45 | 4,5 
18 4,3 430 270 Ve 0.57, e839 SadleOr4 me 0.4 3,5 
19 5),,te) 400. 439 0,34 yl (0 Ont leads) 0.3 3,0 
20 10 360 400 0,26 aye 22 Ont 0,83 0,25 20 


The results of our susceptibility 
2a? measurements at room temperature for the 
Fe-Ni system are shown in Fig.2. It will 
be seen that in the range of fields from 
600 to 10,000 oersted %H? varies linearly 
with H3/2, The term aH does not play a 
Significant part in this field range. The 
paraprocess susceptibility increases with 
Fe concentration and attains its maximum 
value in the alloy containing about 30% Ni. 
As the nickel concentration is reduced 


WH from 100 to 30% the susceptibility in a 

(RSIE CRED SOE LTE oe SEM INH 10,000 oersted field at 290°K increases 
eee Variation of 2H? with from 2°10-4 to 47.0-1074 gauss/oersted. 
H9/2 for alloys of the Fe-Ni The law of approach to saturation 
system at 209°: 1) 33% Ni, 2)48% holds also at low temperatures. This is 
Ni, 3) 58% Ni, and 4) 71% Ni. evinced by the results of measurements on 


the alloy containing 33% Ni shown in Fig.3. 
The susceptibility of this alloy decreases with decreasing temperature in a 
wide range of magnetic fields. 
Now let us see what influence ordering has on the character of the mag- 
netization curve in the region of strong fields. We showed earlierl0 that 
in alloys having a composition close to Ni3Mn,a high paraprocess susceptibili- 
ty obtains even at room temperature. In order to check this further we deemed 
it desirable to investigate the temperature dependence of the susceptibility 
in different magnetizing fields. Hence in the present series of experiments 
' we measured the susceptibility in the temperature range from 393 to 77°K in 
fields ranging up to 4500 oersted. 


ewe = ee ee ee 


*Effective values of the anisotropy constant at 290° ang 77° x 


See Ty th Ss 


Pe 
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0 15 25 35 4 45-194 


ayy? Fig.4. Variation of YH? with H3/2 for 
7 ? 3 36 105H alloys having a composition close to 
NizMn in the ordered state: 1) 393%, 
Fig.3. Variation of XH? with 43/2 2) 290°K and 3) 77K. 
for alloys containing 33% Ni: 1) 
290°K and 2) 77°K. The results of measurements on 


the Ni3Mn composition alloy in the 
ordered state are shown in Fig.4. It will be seen that in the range of fields 
in question the susceptibility consistently increases with increasing tempera- 
ture. This variation is characteristic of the paraprocess susceptibility. It 
is interesting to note that in the ordered solid solution the coefficient ) 
differs markedly from its value for pure nickel both as regards absolute mag- 
nitude and its temperature dependence. Thus for the Ni3Mn composition alloy 
at 779K , “b= 0.10-10°, while at 393°K } = 0.25°10°, whereas for pure nickel 
pte @ 1505 


Discussion of the results 


Our experimental investigations of the magnetic susceptibility in differ- 
ent solid solutions in a wide range of magnetic fields and at different tem- 
peratures showed that the law of approach to saturation is generally borne 
out by experiment. The constant entering into the expressions deriving from 
this law are determined by the different magnetization processes and depend 
significantly on the nature of the impurity atoms. 

The term Bil" The term aH™* has been explained theoretically on the 
basis of the concept of rotation of the spontaneous magnetization vector; it 
has been shown that it must be determined by the crystallographic anisotropy 
energy and the magnetoelastic energy.3,12 Numerous experimental investiga- 
tions performed on pure metals and on certain alloys at different temperatures 
clearly substantiate this. The good agreement of the results of measurements 
on the magnetic anisotropy constant of Ni and Fe and of the results of our 
measurements of the constants of Fe-Si alloys with the values calculated on 
the basis of measurements on single crystals indicate that the law of approach 
to saturation is valid and useful for evaluating these parameters. It should 
be noted, however, that the values of the magnetic anisotropy constant so ob- 
tained are somewhat lower than the values measured on single crystals. It 
has been suggested that one of the possible reasons for this divergence is 
the influence of the magnetic interaction between the individual grains of 
the polycrystalline material13,14 which is not taken into account in the ex- 
pression for @ We shall not enter into a discussion of this problem 1) be- 
cause there is little point in discussing the matter until we have more thor- 
ough investigations of this type on single crystals, 2) because there are also 
appreciable discrepancies between the values of the anisotropy constant 
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measured on single crystals by different procedures and 3) because it is still 
not known which magnetization processes are responsible for the behavior of 

a single crystal in strong fields when it is magnetized in different crystal- 
lographic directions. 

Recently the law of approach to saturation has been refined by the intro- 
duction of a term C’H~, which allows of determining the sign of the anisotropy 
constantl5, The coefficient C’ is proportional to the anisotropy constant to 
the third power. Consequently, in the case of nickel this term must play a 
significant role at low temperatures. This is the case where it would appear 
feasible to determine its influence with the greatest accuracy. Analysis of 
our experimental results at 77°K as well as of the results of Polli, however, 
failed to substantiate the existence of this term. 

The term JH, This term in the law of approach to magnetization is due 
to the presence in the ferromagnetic material of supplementary forces which 
act to oppose attainment of saturation. 

In general there are observed three kinds of regularities as regards the 
influence of impurity atoms on the coefficient b. In Fe-Si, Fe-Ni, Ni-Cu and 
certain other systems the coefficient ) is small and comparable with its value 
for pure ferromagnets. In most of these alloys this coefficient decreases with 
increasing impurity concentration. In contrast, in alloys of the Fe-W, Fe-Mo 
and Ni-Mo systems, b increases with increasing concentration. Investigations 
of the temperature dependence indicate that in these alloys ) is weakly depend- 
ent on the temperature. The third regularity is observed in the alloy having 
the composition NigMn in the ordered state and in some alloys of the Fe-Ni 
system. Here the value of the coefficient ) is appreciably greater than in 
the other enumerated alloys and is strongly dependent on the temperature. 

Theoretical interpretations of the term )H™ have been given in the work 
of Brown‘ and Néel9. According to Brown highly inhomogeneous stresses local- 
ized in small volumes (dislocations) may be one of the factors responsible 
for the deviation of magnetization from saturation and, consequently, giving 
rise to the term 0H’. Hence from this point of view the extraneous impurity 
atoms incorporated into the alloy solid solution lattice should be responsible 
for the appearance of this term. This is the view we held formerlyl6. The 
results of the present investigation show, however, that the mechanism of the 
influence of impurity atoms on the coefficient 0 is far more complex than has 
hitherto been supposed. Serious difficulties arise in attempting to explain 
the observed regularities in the framework of this theory. As it stands the 
theory cannot explain why different impurity atoms have a different effect on 
the value and temperature dependence of the coefficient 2. The observed dif- 
ferences certainly cannot be explained by geometric differences in the size 
of the impurity atoms, i.e., the magnitude of the distortions introduced by 
impurity atoms of different size in the host lattice. Such distortions should 
also obviously affect the term aH™*® through the magnetoelastic constant. Nor 
is it feasible at present to explain the observed regularities from the stand- 
point of Néel's theory. 

It is difficult to decide on the basis of the presently available scant 
experimental data whether the observed increase in the coefficient is char- 
acteristic of impurity atoms pertaining to the transition metals. There is 
a wealth of material on the problem in the work of Mariam, Fallot and Sadron 
(Ref.18-20) concerning measurements of magnetization in strong fields. Un- 
fortunately, only constants obtained by extrapolation of the magnetization 
to H —» oo from the Weiss law J = J,(1 - AH71) are given in these references. 
The results of the present investigation show rather convincingly that this 
law holds only in a rather limited range of magnetic fields. Hence without 
further verification, the results of such extrapolation remain open to question. 
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The term Yp. Our present experimental investigation of the temperature 


dependence of the susceptibility in different magnetizing fields substantiated 
our earlier inference that in the region of high fields (where the terms 
with @ and } are relatively unimportant) the observed variation of magnetiza- 
tion is due primarily to the paraprocess. 

The linear variation of the paraprocess susceptibility with H-1/2 for 
the investigated alloys is apparently a general regularity in the region of 
strong fields. This dependence must also obtain with fair accuracy for some 
alloys of the Fe-Ni system and also for the alloy of composition to Ni in 
ordered state. One must, however, note the following. In the NizMn alloy in 
the ordered state in the range of fields from 200 oersted up, we are dealing 
with true magnetization (this is evidenced by the temperature measurements). 
Consequently, in this case, the susceptibility should vary linearly with H-1/2, 
Actually, however, this dependence holds only in a limited field range. An 
analogous regularity is observed in some alloys of the Fe-Ni system. The 
deviation observed in the given case is due to the appreciable influence of 
the second term in the susceptibility equation (2). In other cases deviations 
from this dependence are difficult to detect for two reasons: first, the mag- 
nitude of the paraprocess susceptibility is small and, second, the weak field 
dependence of the susceptibility is masked by the stronger influence of the 
other terms in the law of approach to saturation from the side of weak fields. 

Our experiments have made it possible to check the deductions from quantum 
mechanical theory regarding the temperature dependence of the susceptibility. 
Such verification is feasible only in the case of materials in which the para- 
process susceptibility is sufficiently large. In our case it probed feasible 
to do this in the case of the alloy having the composition close to NigMn and 
some of the Fe-Ni alloys that have Invar attributes21,22, If the law of Eq. (3) 
is valid for alloys, the expression for the susceptibility in a constant field 
can be written in the form 


es HES) ~ P(E) (4) =P 4-7. 


It follows from the above expression that 
the paraprocess susceptibility should increase 
linearly with temperature. Our experiments fail 
to substantiate this regularity in the tempera- 
ture range from 77 to 290°K in different magnet- 
izing fields. To be convinced of this one need 
only examine the results for the Ni3Me alloy 
shown in Fig.5. Similar temperature dependences 
of the susceptibility are observed for Fe-Ni 
alloys with a high value of 7X,- 

A natural question is: what is the reason 
for the observed deviation? It is difficult 
at present to give a definite answer. Possibly, 


100 200 700 mre the observed deviation is evidence of the in- 5 
: adequacy of the theory of Holstein & Primakoff”. 
Fig.5. Temperature depend- There is yet another possibility. One cannot 
ences of the susceptibility as yet unambiguously evaluate the validity of 
of the Ni3Mn composition the deductions from quantum theory regarding 
alloy in the ordered state the temperature dependence of the spontaneous 
in different fields: 1) H = magnetization. Investigations here encounter 
= 1000, 2) 1500, 3) 2000, a serious difficulty. As was noted above, the 


4) 3000, and 5) 4000 oersted. problem of determining the spontaneous magneti- 
zation has not been satisfactorily solved. The 


dure for determining the spontaneous magnetization 


lack of a reliable proce 
s in the region of low 


and the nonavailability of susceptibility measurement 
temperatures make it difficult to carry out a conclusive comparison of ex- 
perimental results with deductions of theory. 

One can on the basis of Eq.(2) give an evaluation of the paraprocess sus- 
ceptibility to be expected according to the Holstein-Primakoff theory. In 
the case of the pure ferromagnets Fe and Ni,our results are also in good agree= 
ment this theory?. The lack of the necessary magnetization values makes it 
difficult to carry out an analogous comparison for the alloys investigated by 
us and, particularly, for the alloys with an anomalously high value of the 
paraprocess susceptibility. It is impossible on the basis of the information 
now available to propose a plausible explanation of the anomalously large 
value of Yp and its temperature dependence observed in our experiments. 


Faculty of Experimental Physics 
"A,M.Gorkii' Ural State University 
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INFLUENCE OF ELASTIC DEFORMATION ON THE PARAPROCESS SUSCEPTIBILITY 
- V.V.Parfenov & V.P.Voroshilov 


One of the more important questions in the modern theory of magnetiza- 
tion is that of the influence of mechanical factors on the saturation magnet-— 
ization. Variation of the interatomic distances under the influence of mech- 
anical factors must necessarily affect the exchange interaction energy to some 
extent and, consequently, the magnitude of the saturation magnetization. Un- 
til recently it has been assumed that unilateral deformation under tension, 
dec, stretching, has no such effect provided no changes in phase composition 
occur in the material. 

Belovl used a new and original procedure for investigating this question 
and showed that stretching can change the saturation magnetization. In the 
case of certain alloys of the Fe-Ni system characterized by a high paraprocess 
susceptibility the effect can be observed from the change in the magnetization 
curve even at room temperature. 

If the observed change in saturation magnetization is actually due to 
elongation induced changes in the interaction energy, rather than to changes 
in phase composition, these alterations must be manifested in the paraprocess 
susceptibility.2 To check this we carried out some experiments to determine 
the influence of elastic deformation under tension on the paraprocess suscept- 
ibility. By way of material we chose molybdenum permalloy and Invar. This 
choice made it possible to investigate the process in relatively weak fields 
where changes of magnetization are caused exclusively by the paraprocess. 

The samples were prepared in the form of wires 300 mm in length and 2.5 
mm in diameter. The magnetic susceptibility measurements were carried out 
in a 1000 mm long solenoid which provided a satisfactorily uniform field in 
the working volume. We followed the measuring procedure described in Refs. 

3 & 4. All measurements were made at room temperature with no load and with 

a load of 5 kg/mm2. Heavier loads resulted in irreversible changes in the 
variation of the susceptibility. The uncertainty in the susceptibility measure- 
ments, taking into account all possible sources of error, did not exceed 2% 
where the Invar samples are concerned. Actually, the spread of susceptibility 
values was appreciably smaller inasmuch as the final values were obtained by 
averaging the data from a number of measurements. In the case of the molybden- 
um permalloy the uncertainty was somewhat greater. 


Results 


The experimental results are shown in the accompanying table. In the 
case of the investigated materials we did not detect any noticeable change 
in the paraprocess susceptibility under the influence of stretching in the 
elastic region. Our investigation of the temperature dependence of the sus- 
ceptibility clearly proved that in the magnetic field range in question the 
observed changes in susceptibility are due to the paraprocess. Here the sus- 
ceptibility increases with increasing temperature. Changes in susceptibility 
under the influence of tensile loads are observed only in the region of very 
weak fields where true magnetization plays a relatively insignificant role. 

Our negative results as regards the influence of stretching on the para- 
process susceptibility and, consequently, on the interaction energy may be 
ascribed to inadequate experimental accuracy. Unfortunately, there are no 
data in the literature that would allow of evaluating the effect even quali- 
tatively. It must be noted, however, that if the effect amounted to at least 
2% of the measured quantity (the permeability), we would have been able to 
detect it in investigating the Invar alloy. It must be concluded, therefore, 
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Susceptibility < 104 és/oers. Susceptibility * 10 gs/oers. 
Permalloy Invar Permalloy Invar 
H H = = ae 
o=0) |o—a2 Kg mm—?| o=0 | o=5,2 4g MM? o=0 | o=4,2 +] mm? |o=0] o=5,2 KQ MM? 
950 42,0 42,0 390 2300) 2 163 170 
900 43,5 43,5 300 _ |220 240 
850} 10,5 NOES) ADO) #5) 15) 250 B08 30,9 300 390 
800 48 ,0 48,0 200 39,5 39,5 680 790 
750 5150 AO) 140, 62,9 62,5 -- -— 
700) 12,0 M0) 04,9 LAS) 70 156 196 — — 
650 09,0 09,0 35 350 350 — — 
600} 13,8 13,8 62,0 62,0 20 690 690 — — 
550 (355 Tao 45 |1080 1080 — — 
500} 16,5 Gira 86,9 86,9 43 |1400 1400 — — 
450 104,0 104 10,4 |1870 1890 — ~ 
400} 20,9 20,9 123, | 130 


that this effect, if it exists, is small, i.e., too weak to be detected by the 
procedure employed by us. 

In studying this question one should also bear in mind the following. In 
principle any change in interatomic separation produced by straining the materi- 
al should lead to a change in the interaction energy and, consequently, in the 
paraprocess susceptibility. This reasoning is valid provided the investigated 
material is isotropic. Actually, however, polycrystalline ferromagnets are 
never entirely homogeneous as regards structure. Obviously, the presence of 
grains of different shape, size and orientation and of interactions between 
them must appreciably complicate the mechanism of the influence of stretching 
on the interaction energy responsible for the spontaneous magnetization. One 
can hardly imagine that when a polycrystalline specimen is subjected to ten- 
sile stress in the elastic region all the volumes of the individual crystal- 
lites will change in exactly the same way. Hence if the effect does exist 
the presence of polycrystalline structure must undoubtedly complicate the 
mechanism whereby the elastic deformation affects the interaction energy. 

The situation is even more complicated in the case of Invar. Here the 
effect of influence of unilateral extension on the saturation magnetization 
attains an appreciable magnitude. 1 The paraprocess susceptibility, however, 
does not change under the influence of stretching at least within the limits 
of our experimental accuracy. On the basis of the information now available 
it is difficult to draw any unambiguous inferences regarding the effect of 
mechanical deformation on the saturation magnetization of this alloy. It is 
not impossible that the observed not inconsiderable changes in the saturation 
magnetization in Invar under the influence of mechanical stress are due not 
to changes in interatomic separation but to other factors, for example, changes 
in the phase composition. Admittedly, we have no direct evidence at present 
that such changes occur. It is to be hoped that further investigations of 
these alloys will help clarify this question that is of such great importance 
for the theory of ferromagnetism. 

Faculty of Experimental Physics, 
"A.M.Gorkii"” Ural State University 
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SOVIET PHYSICS AT THE FORTIETH ANNIVERSARY OF THE OCTOBER REVOLUTION 


; To arrive at a correct evaluation of the state of the physical sciences 
in the USSR forty years after the revolution it is not enough to look at ab- 
solute figures: the past 40 years brought qualitative as well as quantitative 
changes, 

There were many outstanding names in pre-revolutionary science in Russia: 
Lomonosov and Lenz, Mendeleev and Stoletov, Lebedev and Golitsen, Petrov and 
Belopol'skii, Umov and Tsiolkovskii, Popov and Zhukovskii, Iakovi, Lodygin - 
inspired prophets, skilled experimenters and brilliant inventors. But all 
these were single isolated individuals. Organized planned research virtually 
guaranteeing eventual solution of any problem - the situation so character- 
istic of present day physics - could only be dreamed of. 

No positive discipline, no science capable of benefitting humanity can 
develop by the endeavors of merely a score of even brilliant scientists. The 
history of physics is not a list of famous names or even an enumeration of 
brilliant discoveries. The history of science is the history of laboratories 
and institutes, universities and academies, journals and conferences. The 
spurt in the development of Russian physics after 1917 is characterized pri- 
marily not by the appearance of new academicians and laureates, but by the 
initiation of organized education, organized research and organized scientific 
effort. Such organization could be provided for only by the Soviet Govern- 
ment. 

The need for creating a Russian scientific school was clear long ago. 

We know that Lomonosov placed great value on the organization of research at 
the University and the Academy of Sciences, but his ideas were too ambitious 
for his age. Mendeleev elaborated far-reaching plans for linking science 
with practice, but the plans of the discoverer of the periodic system were 
too radical for the bureaucrats and functionaries of his epoch. 

The only one who had any luck in creating a physical school in pre- 
revolutionary Russia was Peter Nikolaevich Lebedev, but his remarkable co- 
operative society of scientists soon disintegrated in the reactionary atmos- 
phere of Tsarist times. 

Then came the Revolution. The fundamental rebuilding of all aspects of 
Russian life extended to science. In the first few years after the Revolution 
there were created three physical institutes: The Institute of Physics and 
Biophysics in Moscow (headed by P.P.Lazarev), the Physical-Technical Insti- 
tute (A.F. Ioffe) and the Optical Institute (first under D.S.Rozhdestvenskii 
and then under S.I.Vavilov) in Petrograd. The following years were marked 
by the opening of the Electrotechnical, Aerodynamical and Physical-Chemical 
Institutes. 

From the very beginning these new institutes were regarded as the bases 
of technical progress, as the scientific foundations for the development of 
socialist industry. With every year the ties between science and practice 
developed and strengthened. Subsequently, during the years of the Great War 
this close association between science and industry made it possible for most 
scientific collectives to devote their full energies to the solution of de- 
fense problems. 

Simultaneously with the organization of research there began the re- 
organization of science education. A physical-mechanical department was 
opened at Leningrad Polytechnic Institute and physics faculties were organ- 
ized in Leningrad and Moscow State Universities. The graduates of these 
departments and faculties were trained for scientific work in the new and 
expanding older physics laboratories. Thus there were prepared cadres of 
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ch from the prerevolutionary generation 
modern large-scale 

The new social order 
and this could 


new scientific workers differing as mu 
of Russian physicists as the workers and engineers of 
industry differ from the artisans of the middle ages. 
gave rise to new more perfect forms of organization of labor 
not but extend to the organization of scientific work. 

The principal physical schools and directions emerged clearly cy in 
the first 10-15 years of the Soviet regime. Among these we have first the 
Leningrad School of A.F. Ioffe which concentrated its efforts a the problems 
of solid state physics. The first fruitful achievements of this school in- 
clude P.E.Lukirskii's investigation of electronics and the photoeffect, the 
work of A.F. Ioffe and I.V.Obreimov on single crystals, and the theory of therm- 
al breakdown of dielectrics of N.N.Semenov and V.A.Fok. This, too, was the peri- 
od of the brilliant work of A.A.Fridman on the theory of relativity. 

Another large physics school was that of the spectroscopists headed by 
D.S.Rozhdestvenskii, whose method of "hooks" is still widely used in studying 
dispersion. Soviet optical and light engineering and the domestic glass and 
optical instrument industries developed under the guidance and with the en- 
couragement of D.S.Rozhdestvenskii and S.I.Vavilov. In Moscow the investiga- 
tions of the Lebedev school expanded greatly under the leadership of P.P.Laz- 
arev. The work done on magnetic anomalies and the ionic theory of excitation 
is particularly worthy of mention. Another adherent of this school was Iu. 
V.Vul'f, whose researches in crystallography have become world famous. 

In Moscow new scientific approaches were explored by L.1I.Mandel'shtam 
and his colleagues who worked primarily in the field of molecular physics. 

The principal achievement here was the discovery by Mandel'shtam and Landsberg 
of combined scattering of light [the Raman effect]. Worthy of mention, too, 
are the remarkable studies of Mandel'shtam, Papaleski and their students on 
nonlinear vibrations. 

This initial period of Soviet physics also included the famous work of 
D.V.Skobel'tsyn on the investigation of gamma-spectra in a Wilson chamber in 
a magnetic field and the development of Ia.I.Fenkel's ideas regarding the 
movement of vacancies in a continuous medium (problems of thermoconductivity 
and diffusion) which subsequently led to the formulation of the concept of 
excited states of atomic electrons in crystals (excitons). Important studies 
in the field of magnetic spectroscopy of iron were carried out at the laboratory 
of V.K.Arkad'ev. A,A.Glagoleva-Arkad'ev and M.A.Levitskaia were the first to 
generate electromagnetic waves overlapping the infrared spectrum. An import— 
ant discovery was made in the laboratory of S.I.Vavilov by P.A.Cerenkov: 
radiation emitted by electrons moving in a medium with a varying index of re- 
fraction. The theory this "Cerenkov effect' suggested was soon thereafter 
formulated by I.E.Tamm and I.M. Frank. 

A new important physical school, the school of S.I.Vavilov on lumines- 
cence of liquids was formed during this period. S$.I.Vavilov was also re- 
sponsible for important investigations of weak light intensities and develop- 
ment of new luminophors, the phosphors upon which the production of "daylight" 
fluorescent lamps is based. 

P.L.Kapitsa in the Institute of Physical Problems made a number of out- 
standing discoveries in the field of low temperatures (superfluidity of 
helium, etc.), theoretical interpretations for which were given by L.D.Landau 
and others. 

; I.V. and B.V.Kurchatov and P.P.Kobeko made significant progress in the 

A Torrone dovelckeere’ gt Clsagobeno icra ER ieee 
-M.Vul's investigation of barium 

titanates which play such an important role in modern engineering. 
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The researches of A,F.Iloffe's school on semiconductors also made import- 
ant contributions in this field. Today semiconductors are one of the most 
intensively developing fields of practical and theoretical physics. Highly 
promising work is now being done in the field of semiconductor catalysis. 

A large group of Ural physicsts headed by S.V.Vonsovskii is doing import- 
ant work in the field of the physics of magnetic phenomena, in particular, 
they are successfully developing the theory of ferromagnetism and antiferro- 
magnetism, 

The work of the Kazan school of physicists led by E.K. Zavoiskii was 
crowned in 1944 by the discovery of paramagnetic resonance for which a Lenin 
prize has recently been awarded. 


An important school of crystallography headed by A.V.Shubnikov was 
formed in Moscow. 

The investigations of Soviet scientists in the field of nuclear physics 
date back to the Thirties. The contributions of Soviet scientists in this 
outstanding field of physical science include D.D. Ivanenko's hypothesis re- 
garding the structure of the nucleus, the discovery of nuclear isomerism by 
I.V.Kurchatov, B.V.Kurchatov, L.I.Rusinov and L.V.Mysovskii, the work of 
A. I.Alikhanov on pair formation and annihilation of positrons, the cosmic 
ray studies of D.V.Skobel'tsyna, S.N.Vernov, V.I.Veksler, A.I.Alikhanov and 
A. I,Alikhanian and the theory of cosmic ray showers of L.D.Landau, I.E.Tamm and 
S.Z.Belen'skii. Here one must also mention the investigation of the Alikhanov 
brothers and B.S.Dzhelepov in the field of artificial radioactivity which 
served as the beginning of the intensive nuclear spectroscopy studies which 
are still being continued on an expanded scale today. 

Of great importance for the development of physics was the theoretical 
work of I.E.Tamm, I.D.Landau, I.E.Pomeranchuk, Ia.I.Frenkel', V.A.Fok, N.N. 
Bogoliubov and many other outstanding Soviet physicists. 

During the years of the War for the Defense of the Fatherland, Soviet 
physicists devoted all their forces, knowledge and capabilities to the defense 
of our country. Under trying war conditions our physicsts demonstrated their 
ability of combining a high level of theoretical investigation with operative 
solutions of urgent practical problems. Among these problems was that of 
radio location, based on fundamental discoveries made in our country back in 
the Nineteen Thirties by D.A.Rozhanskii and Iu.B.Kobazarev. 

In the post war period, which brought the dawning of the atomic age, 
Soviet physicists moved another giant step forward. 

The achievements of science cannot and should not, of course, be measured 
by listing the technical results attained by it. Nevertheless, we can justi- 
fiably cite a few significant facts. 

The realization in the Soviet Union of a chain nuclear reaction, the 
construction of the first atomic electric power station in the world (for 
which the collective headed by D.I.Blokhintsev was awarded a Lenin prize), 
work on the realization of controlled thermonuclear reactions in a gas dis- 
charge (L.A.Artsimovich, M.A,Leontovich and A.D.Sakharov), the construction 
of the largest particle accelerator in the world - the 10 bev synchrophaso- 
tron (on the basis of the autophasing principle of V.I.Veksler) , the creation 
of intercontinental ballistic rockets and, finally, the launching of the 
first artificial earth satellite, all these have been the achievements of 
the past 10-12 years: Increasingly rapid development of theoretical physics 
and mass penetration of physical methods into our socialist national economy 
and the methodology of allied scientific disciplines are the characteristic 
traits of this epoch of the flowering of Soviet physics. 
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Let us supplement this far from exhaustive list of the attainments of 
Soviet physics with a few figures. 

In pre-Revolutionary Russia there were active about 100 physicists, only 
20 of whom held doctor's degrees. Their yearly production of literature - 
about 100 reports (nearly half of which were essentially surveys or reviews) 

- required about nine thin issues of the only journal then published: the 
Journal of the Russian Physical-Chemical Society. Rare conferences of natural- 
ists and physicians were the only occasions at which Russian physicists could 
meet and present papers. 

Now the USSR Academy of Sciences alone publishes eleven physical journals 
(this number does not include numerous publications in allied fields). Several 
thousand specialists, including 300 doctors of physical and mathematical 
sciences report on their work in these journals. 

By the Twenties, the general physical conferences initiated in the first 
years after the Revolution could no longer meet the needs of Soviet physicists. 
Hence regular conferences and meetings on special topics, ever more special- 
ized and narrower, had to be called. Now we have yearly (and sometimes more 
frequent) conferences on atomic and molecular spectroscopy, magnetism, 
nuclear spectroscopy, cosmic rays, luminescence, x-rays, semiconductors, 
crystallography and many other branches of physics. Hundreds of reports are 
presented at these conferences by scientists from scores of large scientific 
research institutes, universities and colleges scattered through the major 
cities of the Soviet Union. Soviet physics today at the Fortieth Anniversary 
of the October Revolution is represented by the planned integrated work of 
this collective of many thousands of scientific workers. 
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TRANSACTIONS OF THE SECOND ALL-UNION CONFERENCE ON X-RAY SPECTROSCOPY 
EE VN ATRAY SPECTROSCOPY 


The Second All-Union Conference on X-Ray Spectroscopy was held in Moscow 
January 31 to February 4, 1957. 


The following reports were presented at the Conference: 
1. Opening address - Ia.S.Umanskii. 


2. Analysis of the structure of x-ray emission spectra of ordering alloys 
- A.N.Orlov & A.V.Sokolov (Ural Branch, USSR Academy of Sciences). 


3. Width of the inner levels and density distribution of electron states 


in elements of the iron transition group - M.A.Blokhin & V.P.Sachenko (Rostov 
State University). 


4. X-Ray spectroscopic method of investigating the electron state distri- 
bution in metals and alloys - N.D.Borisov, V.V.Nemoshkalenko & A.M.Fefer 
(Institute of Metal Physics, Ukrainian SSR Academy of Sciences). 


5. On the state of atoms in ferromagnetic iron, cobalt and nickel base 
alloys - I.Ia.Dekhtiar (Institute of Metal Physics, Ukrainian SSR Acadeny of 
Sciences). 


6. Modern methods of recording x-ray spectra - M.A.Blokhin & A. I,Froiman 
(Rostov State University and Chemistry Faculty, Moscow State University). 


7. X-Ray equipment power supplies with high stability characteristics - 
A.1I.Froiman (Chemistry Faculty, Moscow State University). 


8. Use of URS-50-I x-ray equipment as a double crystal spectrometer - 
I.B.Borovskii & V.V.Shmidt (Institute of Metallurgy, USSR Academy of Sciences). 


9. Possibilities of using electrostatic recording (xerography) in x-ray 
spectroscopic and diffraction analysis - A.I.Froiman (Chemistry Faculty, 
Moscow State University). 


10. On determining the density of electron states from x-ray spectra - 
I.Ia.Nikiforov (Rostov Institute of Agricultural Machinery Engineering). 


11.Investigation of the fine structure of the K absorption and emission 
spectra of some elements of the iron group - I.B.Borovski, V.P.Bykov & 
A. I.Kozlenko (Physics Faculty, Moscow State University). 


12. Correlation between certain x-ray spectroscopic and magnetic character- 
istics of iron base alloys - S.A.Nemnonov & K.M.Kolobova (Ural Branch, USSR 
Academy of Sciences). 


13. X-Ray spectroscopic investigation of chemical composition in micro- 
volumes of alloys - I.B.Borovskii, N.P,Il'in, L.E,Loseva, I.D.Marchukova & 
A.N.Deev (Institute of Metallurgy, USSR Academy of Sciences). 
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14. Investigation of bond strengths in Fe-Mo solid solutions from the 
fine structure of their x-ray absorption spectra - V.A.Trapeznikov and S.A. 
Nemnonov (Ural Branch, USSR Academy of Sciences). 


15. Contribution to the theory of transition metal solid solutions - 
I.B.Borovskii & K.P.Gurov (Institute of Metallurgy, USSR Academy of Sciences). 


16. X-Ray spectroscopic investigation of (Cr-base) solid solutions - 
I.B.Borovskii, K.P.Gurov, S.A.Ditsman, V.A.Batyrev & N.D.Lobanova (Institute 
of Metallurgy, USSR Academy of Sciences). 


17. Influence of thermal vibrations of atoms on the electron energy dis- 
tribution in metals and alloys - I.B.Borovskii & G.N, Ronami (Physics Faculty, 


Moscow State University) . 


18. Temperature and concentration dependence of the fine structure of 
x-ray absorption spectra of solids and investigation of bonding forces - V.A. 
Trapeznikov (Ural Branch, USSR Academy of Sciences). 


19. Dependence of the x-ray absorption spectra of atoms in compounds on 
the character of the bonds - R.L.Barinskii, E.E.Vainshtein & K.I.Narbutt 
(IMGRE, GEOKhI & IGEM, USSR Academy of Sciences). 


20. Investigation of the fine structure of x-ray absorption spectra of 
alkali halide compounds - I.S.Smirnova & K.I.Narbutt (IGEM, USSR Academy of 
Sciences). 


21. K Absorption spectra of chlorine in alkali metal chlorides - R.L. 
Barinskii (IMGRE, USSR Academy of Sciences). 


22. Effect of neutron irradiation on the fine structure of the K absorp- 
tion spectrum of germanium - M.M.Kakhana & E.E.Vainshtein (GEOKhI, USSR Acade- 
my of Sciences). 


23. L Series x-ray spectrum of germanium - G.P.Borikova & M. I.Korsunskii 
(Kharkov Polytechnic Institute). 


24. Investigation of the L series x-ray spectra of some rare-earth ele- 
ment compounds ~ N.V.Troneva, I.D.Marchukova & I.B.Borovskii (M.S.U.) 
(Physics Faculty, Moscow State University). 


25. Investigation of the KB emission lines of titanium in carbides and 
certain other compounds - E.E.Vainshtein & Iu.N.Vasil'ev (GEOKhI, USSR 
Academy of Sciences). 


26. Influence of an activator on the x-ray absorption spectrum of a 
luminescent crystal - K.I.Narbutt & I.S.Smirnova (IGEM, USSR Academy of Scienceg 


27. L Absorption and emission spectra of molybdenum in molybdenum carbide 


and other compounds - R,L.Barinskii & E.E.Vainshtein (IMGRE & GEOKhI, USSR 
Academy of Sciences). 


2 a” 
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28. X-Ray spectroscopic investigation of the L spectra of molybdenum in 
some alloys and compounds - V.A.Batyrev, I.B.Borovskii & S.A.Ditsman (Insti- 
tute of Metallurgy, USSR Academy of Sciences). 


29. The LBg and Lys lines in the spectra of Cu and Zn - I.A.Rumiantsev & 
M.I.Kosunskii (Khar'kov Polytechnic Institute). 


30. Some spectral line satellites - T.I.Kakushadze (Georgian Pedagogical 
Institute). 


31. X-Ray spectroscopic investigation of sulfurized samples - M.A.Blokhin, 
P.S.Nesterenko & A.T.Shuvaev (Rostov State University). 


32. External screening and the fine structure of x-ray spectra - S.M. 
Karal'nik (Kiev State University). 


33. Quantitative determination of titanium from secondary x-ray spectra 
- A.S.Ivoilov & N.F.Losev (Irkutsk State Institute of Rare Metals). 


Part of these reports appears below. 


Translation editor's note: No indication is given in the Russian Bulletin 
whether the reports not printed in the present issue of the Bulletin are being 


published elsewhere and, if so, where. 
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WIDTH OF THE INNER LEVELS AND DENSITY DISTRIBUTION OF ELECTRON STATES 
IN ELEMENTS OF THE IRON TRANSITION GROUP 


- M.A.Blokhin & V.P.Sachenko 


X-ray emission and absorption spectra yield direct information on the 
distribution in energy of electron states or more accurately speaking the 
quantity N(E)-*P(E), where N(E) is the density of states and P(E) is the 
transition probability. 

As has been shown by one of the present authors!-3, for finding the 
actual form of the function N(E) the x-ray spectra must be "corrected" for 
the distortions introduced by the finite width of the inner level partici- 
pating in the transition (specifically, the K level). In order to apply 
this correction procedureyone must know the shape and width of the inner 
level. Numerous experimental and theoretical data indicate that K levels 
are characterized by the classical dispersion (Lorentzian) shape, at least 
in the case of other than the transition elements. This follows if only 
from the fact that the shape of the KO] ,2 line of non-transition elements 
is closely approximated by a dispersion curve (see for example Refs.4 & 5). 
The above mentioned method of correcting x-ray spectra was developed in parti- 
cular for this shape of the inner levels. The widths of the inner levels are 
known for only a very few elements. The available experimental data®-12 on 
K level widths are summarized in Table 1. 


The level widths 


Table 1 determined by Beeman 
Experimental values of K level width & Friedman!2 for the 
transition elements of 
the iron group cannot 
Klement »eV Element Wwev 
Element Y, eV emen Y emen Cy SEER CAP ET wee 
inasmuch as the K ab- 
12 Mg G5 27 Co ae ee . aa sorption edge of these 
0,39 28 Ni tle ; ; 
Dae: 0°58 sane 13 Smee 37 transition elements 
19 K 0,73 30 Zn Wes 79 Au 62 has a complicated 
26 Fe 1,8 31 Ga 1,9 character by virtue 


of the unfilled 3d 

shell which partici- 
pates in the absorption. In this case application of the method of Richt- 
myer, Barnes & Ramberg!3 for determining the level width is unjustified. 

In the present investigation we attempted to determine the width of the 
K levels of some elements of the iron transition group by interpolation of 
the experimental values of the K level widths for the non-transition elements 
listed in Table l. 

It is known that the level width y is directly proportional to the proba- 
bility P of transition of the atom from the given state. In determining the 
law characterizing the variation of the K level width with the atomic number, 
we took into account the two essentially different types of transitions, 
namely, radiative and nonradiative transitions. The total probability of 
an atom undergoing a transition from a given state is the sum of the radia- 
tive transition probability P, and the nonradiative transition probability Po. 

Consequently, 


The specific numerical value of the coefficient A depends on the shape 
of the level. In particular for the dispersion (Lorentzian) shape, A = 
= 6.58-10-16 (when y is expressed in electron volts and P is the number of 
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transitions per sec). Hence finding the variation of the level width with 
the atomic number reduces to finding the dependence of Py and P, on the 
sees cet the fact that an atom can leave a given state by different 
radiative and nonradiative transitions the probabilities will be given by 
the sums 

Pe =a >) Prn and es = BS} Pe aan ; 


|Exl>|Enl Elyl>lEnm| 


where P,, is the probability of a radiative transition from level k to level 
nand Pram is the probability of a nonradiative transition from level & to 
a double-ionization level nim. 

For Px, , calculation of the transition probability between two single- 
ionization levels yields the familiar relationship 


Pig(Z) SZ". (2) 
Consequently, in this approximation 


Taking into account the influence of screening of the electron shells on 
the probability Pin leads to a somewhat different expression for the Z- 
dependence. Computations of the transition probabilities Prot and 
Pr, My yp Carried out in the wave function approximation of Slaterl4 using 
the formula 


3ceh 


32ne?v3, = ene 
Pin = San (3) Xba) 
i=1 
where ve is the matrix element for the i-th coordinate, showed that these 
dependences are closely approximated by the expressions 


E 5 ae 8 
Protein = B74 53and PxoMy w= CZA:83, (3) 


The ratio x of these probabilities can also be calculated from the ex- 
perimental data on the relative intensities of the corresponding lines. The 
ratios calculated theoretically and from the experimental data show satis- 
factory agreement (Table 2). 


Hence for finding the varia- 


Table 2 tion of P, as a function of Z, 
Comparison of the experimental and we used the following method. 
theoretical values of the ratio x of For K-»LII,1I1, we took the calcu- 
the transition probabilities corres-~ lated dependence (3). For the 


ponding to the Ko] ,2g and KBj ,2 lines other transitions, we based the 
evaluation on the experimental 
data obtained from the relative 


Klement 29 C 47 A 7 : - 

n | 5 | les | 9 A intensities of the correspond- 
J ing lines. The dependence on 

“exp 7,3 9,2 4,4 Z deduced in this manner is 

ns 5,8 5,0 4,2 


closely approximated by the 


| formula 


Py, = D247, (4) 
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The nonradiative transition probability 

Po has been calculated for a number of elements 
by different authors and in different approxi- 
: mations.17-23 The common deduction from these 
5 calculations is that P, is weakly dependent on 
0 = - = oy Z, that is, the nonradiative transition proba- 
a bility appears to be virtually constant. The 
Fig.l. Variation of the non- level width corresponding to these transitions 
radiative width 7, with the is 0.8-0.9 ev. It should be noted that Massey 


atomic number: 1) curve ob- & Burhopl9 calculated the probability of some 
tained theoretically and 2) nonradiative transitions taking into account 
curve obtained by means of relativistic corrections. The probability so 
Eq. (4) utilizing experi- evaluated is approximately twice the corres- 


mental K fluorescence yield ponding nonrelativistic value in the case of 
values26-31, Au and three times the value in the case of Ag. 
We felt it would be of interest to obtain 
the nonradiative transition probabilities for different elements, calculated 
in the same approximation. To this end we carried out calculations of the 
nonradiative probability for the K level. By way of wave functions of the 
electrons in the atom we took the wave functions of Slaterl!4. We used a 
plane wave for the wave function of the ejected electron. The results of 
our calculations are shown in Fig.l (curve 1). As may be seen, the use of 
a plane wave for the wave function of the continuous spectrum yields results 
approximately 1.5 times greater than those 
¥,, ev obtained through calculations18-23 employ- 
790 | ing the precise expression for the continuum 
wave function. In addition, in the approxi- 


300 mation utilized herein P, is weakly depend- 
ent on Z. In view of the highly approxi- 
60 mate character of these calculations, the 
calculated dependence of Pp on Z could 
20 hardly be expected to give good agreement 
with experiment. Actually attempts to fit 
460 the y vs Z curve to the experimental values 
listed in Table 1 did not give good results. 
Hence for finding the Z~dependence of 7 we 
ve utilized the experimental values of the K 
fluorescence yield 
at By definition 
GOT w = peta, 
12 1% 1618 22 2630 3B 6 55 65 7192 Py + Po 
Fig.2. Variation of the K level 
width with atomic number. Both From this we found the total probability 


scales are logarithmic. 1) vari- as a function of Z using the values of Pj. 
ation of the radiation width with from Eq. (4). 


Z according to Eq.(4), 2) final In view of the arbitrary nature of the 
Z-dependence of 7, obtained us- coefficient in Eq. (4) we shifted the uk curve 
ing the experimental values of relative to the vertical axis to obtain the 


the fluorescence yield from Ref. best fit with the experimental values (Table 
24-29, 3) Z-dependence of 7x ob- 1). The value of the ee ae D determin- 
tained using Eq.(2a) on the as- ed in this manner was 1.00°10 ctl sh Oeek) 
sumption that Py = const, i.e., per sec. From the curve (curve Seine Fk ig.2) 
that the nonradiative transition determined in this manner we picked tne 
probability is independent of values of y for different elements listed 
the atomic number. in Table 3. 
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Table 3 


K level widths taken from curve 2 of Fig.2 
EE Ee ee 


\| = 
Hlement Yev || Hlement wev | Element YWev eng oy Y,ev 
12 Mg 0,44 | 24 Se 0,74 30 Zn 1,40 47 Ag | 6,28 
13 Al 0,48 22 Ti 0,74 |} 31 Ga 1,53 | 900 Sn 7,98 
14 Si 0,54 23 V 0,792 = 32 "Ge 1,67 || 595 Cs 42,0 
15 P 0,54 24 Cr 0,84 34 Se 1985 fier OO"“Na Wi 
16S 0,97 20 Mn 0,92 36 Kr 2,01, 4) 69 Tb 26 
IEGI 0,60 26 Fe 1,00 38 Sr 2,82 | 70 \b} 36 
18 Ar 0,63 27 Co 4,09 | 40 Zr 3,99 70 Re 48 
19 K 0,65 28 Ni 1,19 42 Mo 4,10 79 Au |. 61 
20 Ca 0,68 29 Cu 1,30 45 Rh 0,38 : | 


The values of y for elements of the iron group obtained in this manner 
differ appreciably from the values found by Beeman & Friedmanl2, The upper 
part of curve 2 (Fig.2) up to Z = 30 can be approximated by 7 ~ z+, Zinn24 
and others give a similar dependence of the level width on Z in this range 
of atomic numbers. In the region of small atomic numbers, however, the y~7z4 
dependence no longer obtains. Consequently, use of this dependence for find- 
ing the width of the K level of the Cl atom, as was done by Parratt & Jossem25, 
is very questionable. One can find the Po V5 Z curve by using the experiment- 
al K fluorescence yield data26-31 and Eq. (4) for P, with D = 1.00-10® trans- 
itions per sec. The curve obtained in this manner is represented by curve 2 
in Fig.l. It is distinguished from the curve obtained by theoretical calcula- 
tion by the sharp rise in the region of large values of Z. Apparently this 
rise is explained by the relativistic effects mentioned above. 

Some authors18 ,20-23,32 indicate that the variation of ® with Z can be 
approximated by an expression in which P,.(Z) ~~ z+ and P,(Z) = const (Z). In 
this case, however, as was noted above, one cannot obtain good agreement with 
the experimental data on the level widths (Table 1). Curve 3 in Fig.2 was 
plotted on the assumption that P,(Z) s Z4 and P, = const (Z) so that the value 
of ¥, for Z = 79 would match the experimental value. In this case we obtained 
an appreciable divergence between the curve (1.7 ev) and the experimental data 
(0.6 ev) for light elements. On the other hand, if the curve is plotted so as 
to fit the experimental data for light elements, then for Z = 79, we obtain 
a value of 40 ev as compared with the experimental value of 62 for y. In con- 
trast our curve for y vs Z is consistent with two series of independent ex- 
perimental data: data on the level width and data on the fluorescence yield. 
It is therefore in better agreement with the true Z-dependence of as 

Knowing the width of the K levels, one can readily calculate the width 
of Lyy and Lj;;z levels from the width of the Kay 9 lines. Unfortunately, 
the data on the KQ] ,2 line widths reported by different investigators33-38 
differ owing to the different procedures used in correcting for the distor- 
tion of the two crystal spectrometer. In order to obtain more consistent 
data we assumed, following Brogren39, that for the most perfect crystals the 
correction for distortion of the crystals should be introduced according to 
the linear law and recalculated the basic experimental data of Refs.33-39 on 
this basis. The KQ] ,2 line widths obtained in this manner are listed in 
Table 4. From these values and the K level widths shown in Table 3, we cal- 
culated the widths of the Lyz and Lyyzz levels (Table 5). 

Inasmuch as the KO] ,2 lines for elements of the iron transition group 
are asymmetric, the use of the linear correction for distortion of the crystals 
for these lines is not entirely justified. Moreover, in this case the width 
of the Lyyz and Lyyz levels cannot be found as the difference between the width 


Ree 
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Table 4 
Widths of the Kd] and Kdg lines 


a 


Element | YKay»€V Rigg Klement YKa, CV | Yigg 1 CV 
| | | 
22 Ti | 4,38 1,90 | 32 Ge 2.73 
: od . oa (rr ae 2 94 
23 V | 1°58 224 38 Sr Lae 46 
24 Cr 1.96 Pali 40 Zr 5.2 5.4 
25 Mn 2.46 2°96 44 Nb 5.8 5.4 
26 Fe 2.65 3°00 42 Mo 5.86 6.18 
27 Co 2/45 Sridiveddlye. 24:20 6,8 6,7 
28 Ni 2,26 3.03 | 45 Rh vee ( 
29 Cu 2,34 3.24 46 Pd 7,8 7,9 
a4 9 Ak 2'90 47 Ag 8.6 3. 
31 Ga 2/40 2.55 : | ai a 
t 


Table 5 
Widths of the Lyy and Lint levels 


Fo a ee el ee 

Element | ‘Lit cas | ‘Dr ev Hlement | ‘Dorr oN, Lyy ev 
‘4 

22 Ti 0,64 1,16 32 Ge 1,06 4,27 
23 V 0.79 1/49 38 Sr 1°68 1:78 
24 Cr 1,12 4.59 40 Zr 1/8 2,05 
25 Mn 1°54 2°04 44 Nb 2'09 1,69 
26 Fe 1.65 2.00 42, Mo 1.76 208 
27 Co 1,36 2°03 44 Ru 1,94 1/84 
28 Ni 1/07 1,84 45 Rh 4,92 1/82 
29 Cu 1/04 1,94 46 Pd 1,99 1°89 
30 Zn 1°04 1°50 47 Ag 2.32 21 
31 Ga 0.87 1°02 


of the KO 2 lines and the K level. Hence the data on the L level widths 
for these elements shown in Table 5 must be regarded as only a first approxi- 
mation. 

Using the K level widths deduced as described above, we corrected the 
K spectra of the transition elements Cu, Ni, Co and Fe obtained by Beeman 
& Friedmanl2 on a two-crystal spectrometer for the distortion introduced by 
the finite width of the K level (Fig.3). The corrections resulted in an in- 
crease of the slope of the curves particularly on the short wavelength side 
of the KBs line and the initial part of the K absorption edge. The correc- 
tion also accentuated the col (double peak and dip) on the high energy side, 
particularly, for Cu. We cannot as yet give an unambiguous interpretation 
of the resultant curves. The initial section of the K absorption edge in the 
spectra of Cu and Ni can hardly be interpreted as being due to transitions 
to the 3d band. 40,41 

The most acceptable appears to be the interpretation of Beeman & Fried- 
manl2 who base their inferences not on more or less hypothetical concepts 
concerning the individual s, p, etc. bands corresponding to levels of a free 
atom but on the actual density of states curve?2 (Fig.4). They interpret 
the long wavelength portion of the K absorption edge of Cu as being associ- 
ated with electron transitions into the unfilled part of the 4s band, in 
the middle part of which there is an appreciable admixture of p states. In- 
asmuch as at the point M (the end of the 4s band) both the density of states 
and the admixture of p functions fall off, a dip or col appears in the ab- 
sorption spectrum. With decreasing atomic number the overlapping of the 4s 
and 4p bands increases, which leads to smearing out of the dip (Fig.3,b). 
It will be seen from Fig.3,a that the KBs line of Cu has two maxima. 
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Fig.3. Results of processing the emission (I) and absorption (II) 
K spectra of a) Cu, b) Ni, c) Co and d) Fe. Solid lines - experi- 
mental spectra of Beeman & Friedmanl2; dash lines - corrected spectra. 


According to Beeman & Friedman the 
left maximum corresponds to transitions 
from the left maximum of the density of 
states curve (Fig.4) which contains a 
certain admixture of p states. The short- 
wave maximum is interpreted as being as- 
sociated with transitions from the filled 
part of the 4s band with an appreciable 


0 5 0 1% 20 Ee admixture of p states. In addition, pure 
Fig.4. Distribution in energy quadrupole transitions from the 3d band 
of the density of electron can make a certain contribution to the in- 


states for copper. 42 tensity of the KBs5 line. According to 


Dee en 
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Fletcher4?, in Ni the 3d band in the ferromagnetic state is filled only up 


to the second maximum. This explains the absence of splitting of the KBs 
line in Ni. In the case of elements with an unfilled 3d shell, one can ex- 
pect fluctuations in the K absorption curve associated with quadrupole trans- 
itions to the 3d shell. In view of the low probability of quadrupole transi- 
tions and the relatively great width of the d band, however, these transi- 
tions are not evinced to any noticeable degree in the absorption spectra of 
pure metals. In contrast, in some compounds of transition metals the 3d 
band is split into a filled and an unfilled band and the density of states 

in each of them increases appreciably. Hence in such compounds the transi- 
tions associated with the 3d band are observed not only in the emission spec- 
tra but also in the absorption spectra. 44 


Rostov State University 
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DEPENDENCE OF THE X-RAY ABSORPTION SPECTRA OF ATOMS IN COMPOUNDS 
ON THE CHARACTER OF THE BONDS 
- R.L.Barinskii, E,E.Vainshtein & K.I.Narbutt 


Introduction 


In earlier publications!;2 we showed that the fine structure of the main 
K absorption edge of atoms bound in molecules and of ions in solution can be 
interpreted and approximately calculated on the assumption that it is due to 
superposition of a number of selective absorption lines and the true absorp- 
tion edge appearing incident to transition of the K electrons of the absorb- 
ing atom to successive np-levels of the molecule or ion* and into the region 
of continuous variation of the molecule's energy. 

By means of the developed computation method and the expressions deduced, 
it proved feasible to give a quantitative interpretation of the K absorption 
edges of the noble gases!,3, the atoms in a number of simple gaseous mole- 
cules!;2 and the ions in some solutionsl ,4, 

In going to the x-ray absorption spectra of atoms in more complicated 
substances - polyatomic molecules consisting of several relatively heavy 
atoms or polar crystals - certain complexities appeared in the fine struc- 
ture of the x-ray spectra, complexities the appearance of which could not 
be explained from the standpoint of the simple variant of our theory. This 
showed that the effects accompanying K absorption in these substances are 
much more complicated and that further development and refinement of the 
theory was indicated. 

The results obtained in the work of Ref.5, devoted to investigation of 
the absorption spectra of potassium and chlorine in KCl crystals, have played 
an important role in the development of our theoretical concepts regarding 
the mechanism of x-ray absorption by atoms of chemical compounds and the 
nature of the fine structure of their x-ray spectra. It was shown in Ref.5 
that the complex structure of the main K absorption edge of each of the com- 
ponents of the compound can be satisfactorily described if it is represented 
as a superposition of two series of lines converging towards the continuous 
absorption boundary. The intensity and energy width of these line series can 
be calculated by means of the same (i.e., earlier deduced) formulas, differ- 
ing for each series only as regards the value of the parameter n*. Both ser- 
ies of absorption lines were detected in the spectra of both components, but 
with inverse intensity ratios. Entirely analogous regularities in the struc- 
ture of the absorption spectra of both components of the compound were subse- 
quently established in the absorption spectra of zinc, germanium and bromine 
in ZnBrg and GeBrg molecules.®,7 

This indicated that the empirical generalizations arrived at in Ref. 5 
were more extensively applicable and made evident the desirability of*system- 
atically investigating this effect with a view to clarifying the principal 
regularities characterizing the parameters determining the relative intensity, 
energy width and relative positions of both series of lines in the x-ray ab- 
sorption spectra of elements in compounds and the dependence of these para- 
meters on the properties of the interacting atoms and the character of the 
chemical bonds linking them. It was felt that generalization of such data 

*We are speaking here of elements with electron shells having a normal 
structure. In the structure of K absorption edges of atoms with defects in 
the nd- and nf-shells there should and do appear additional long-wave ab- 
sorption maxima. 
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should help clarify the conditions and causes by reason of which it was a 
ible to represent the x-ray absorption spectra of avons in SOB CATE RAS mole 

s in the form of a superposition of two hydrogen-like series of absorp- 
tion lines, establish the limits of applicability of these concepts ane ony 
haps yield a deeper insight into the nature of Rae phenomena BCCOn ES e 
absorption of x-rays by atoms bound in polyatomic molecules and solids: 

For our investigations we chose the K absorption spectra Ofe2h in ene Toa 
ZnBr9g and ZnS molecules®, the K spectra of chlorine in vee chlorides of Li, 
Na, K, Rb and Cs? and the K absorption spectra of potassium bound in KE; “KCL, 
KBr and KI10, which have also been studied by Kiyonoll, All these crystals 
(except CsCl) form a simple lattice. Each group, in addition to the same cat- 
jon or anion, contains atoms with widely varying values of nuclear charge, 
ionic radius and polarizability. Accordingly, the degree to which the atomic 
bonds in each group are predominantly ionic varies in each group. 


cule 


1. Dependence of the fine structure of the K absorption edges oLeOZn vex 
and Cl in molecules and alkali halide crystals on the character of the bonds. 
Inlet ne chs Dee Nacsa eel aaa tanta Meatless: ne Dias eee Nl 


The K absorption spectra of zinc in 
ZnClo, ZnBrg and ZnS molecules and the re- 
sults of analysis of these spectra by one 
of the methods? proposed by us are shown 
in Fig.l. 

The absorption spectra of potassium 
in KF, KCl, KBr and KI crystals and chlor- 
ine LiCl, NaCl, KC1, RbCl and CsCl crystals 
and the results of their resolution by the 
method of Ref.1 have already been given in 
Refs.9 & 10. Some of them, namely, those 
pertaining to potassium in KF, KCl, KBr and 
KI and the spectra and results for sodium 
and chlorine in NaCl crystals are repro- 
duced herein in Figs.2-7. 

Examination of the above mentioned ex- 
perimental material on the x-ray absorption 
spectra of both components of simple polar 
crystals not only fully substantiates our 
earlier conclusions? :12 regarding the pos- 
sibility of representing the fine struc- 
ture of the x-ray spectra of these atoms 
in the form of a superposition of two series 
of absorption lines but also serves to bring | 
out certain general regularities that help 
clarify the physical picture underlying this 
interpretation of the spectral structure. 

For theoretical synthesis of the fine 
structure of the absorption edge of an atom 
in a molecule in the general case one should 
know four independent parameters, namely, 

1) the width of the absorption lines 
r 0 20 0 77 es and the true absorption edge of each of the 


Ce ld 


° a ee 
Fig.1. K absorption spectra of zinc in anClo, ZnBrg and ZnS gas molecules and 
the results of analysis of these spectra. Dash line = integral theoretical 
absorption curve due to the presence of selective lines of the principal series. 


Hatched area = portion of absorption due to the presence of the secondary ab- 
sorption line series, 
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Fig.2. K absorption edge of potassium Fig.3. K absorption edge of potassium 


in KF crystal: 1) experimental curve; in KCl crystal: 1) experimental curve; 
2) integral theoretical curve, 3) 2) integral theoretical curve for the 
integral theoretical curve for the principal series and the true absorp- 
principal line series and the true tion edge, 3) difference between 

edge, 4) integral theoretical curve curves 1 and 2, 4) integral theoreti- 
for the secondary series. cal curve for the secondary line series. 


two series of lines (the principal and the secondary) , 

2) the values of ny and no by means of which one can calculate the rela- 
tive intensity and the wavelengths of the selective absorption lines within 
each of the two series, 

3) the relative intensity Ij/Ipg of the first absorption lines of the 
principal and secondary series, and 

4) the energy separation 6 between the first absorption lines of the 
principal and secondary series. 

At present it is impossible to calculate all these quantities rigorously 
and wholly from theory. Hence in interpreting the structure of the K absorp- 
tion edge of atoms in compounds one must necessarily proceed semiempirically 
and take certain values from experiment. As follows from analysis of the 


weal: 


Fig.4. K absorption edge of potassium Fig.5. K absorption edge of potassium 
in KBr crystal. Curve designations in KI crystal. Curve designations 
same as in Fig.3. same as in Fig.3. 


results obtained in Refs.9 & 10, however, the fundamental parameters determin- 
ing the structure of the absorption edge of the anion or cation in different 
compounds, specifically, the value of the principal quantum number (n*) and 
the relative intensity of the principal and secondary series (Ij/Ig) are con- 
sistently related with the polarizability and, respectively, the energy E of 
the electron affinity or the ionization potential J of the "partner" atoms 

in the compound. This will be evident from a careful examination of Figs. 
8,9* and 10. 

Fig.8 shows the variation of ns for the secondary line series in the 
absorption spectra of potassium in KI, KBr and KCl crystals with the polariza- 
bility of the anion. This dependence was obtained in analyzing these spectra 
on the assumption that the value of the parameter nj, characterizing the energy 
width and relative intensity of the lines of the principal series in the ab- 
sorption spectrum of the cation,is invariant (in the first approximation) in 
all these compounds. The plots of Fig.9 and 10 show the variation of the 
relative intensity of the principal and secondary line series in the absorp- 
tion spectra of potassium and chlorine in alkali halide crystals with the 


electron affinity of the anions (Fig.9) and the ionization potential of the 
cations (Fig.10). 


_ *The straight line plot in Fig.9 (in I,/Ig vs E coordinates) is equiva- 
lent to the curve given in Fig.3 of Ref.10 (in log I,/Ig vs log Z coordinates). 


A misprint, however, crept into the associated text in Ref.10: Ii/I9 Zz 
therein should read I}/Ig = 20-2, 
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Fig.6. K absorption edge of sodium 
in NaCl crystal. Curve designations 
same as Fig.3. 
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Fig.8. Variation of n* for the second- 


ary line series in the absorption 
spectrum of potassium in halide com- 
pounds with the polarizability of the 
anion: 1) for iodine, 2) for bromine, 
3) for chlorine. The dash line gives 
the variation for fluorine. 


Fig.7. K absorption edge of chlorine 
in NaCl crystal. Curve designations 
same as in Fig.3. 
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Fig.9. Variation of the relative in- 
tensity of the principal and second- 
ary line series in the absorption 
spectra of potassium in KI, KBr and 
KCl crystals with the electron af- 
finity of the anion. 


Examination of these curves shows that the relative intensity of the 
secondary line series in the absorption spectra of any of the components of 


polar crystals is the greater, the lower the ionization potential of the cat- 
ion and the higher the electron affinity energy of the anion, 
this means that the relative intensity of the secondary absorption line series 


In other words, 
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in the spectra of each of the components 
of a polar crystal depends strongly on the 
heteropolarity ("ionicity") of the bonds 


UE ° between the atoms and is the greater, the 
Li stronger the tendency of each of the com- 
2p Na ponents of the compound to form ionic bonds. 
We come to analogous conclusions regarding 
Cs Wy K the relation between the fine structure of 
is the absorption spectra of the atoms and 
the character of the interatomic bonding 
/ aa TTS in the compounds from analysis of the data 
EA! 8 en Ed BT gee 70: molecules of gases (see, for 
Fig.10. Variation of the rela- example, Fig.1) in which there is also ob- 
tive intensity of the principal served a decrease of the part of the absorp- 
and secondary line series in tion associated with the presence of the 
the absorption spectra of chlor- secondary line series with weakening of 
ine in LIC], NaCl, KCl, RbCl the ionic character of the bonds between 
and CsCl crystals with the ion- the atoms and approach to covalent bonding. 
ization potential of the cation. In the case of polyatomic molecules 


with predominantly covalent bonds, we may 
expect to find a radically different structure of the x-ray absorption spec- 
tra (as compared with that of polar compounds). It will probably be impos- 
sible to distinguish or separate two hydrogen-like line series in the absorp- 
tion spectra of covalent molecules. In this sense one can speak of the com- 
plete disappearance of the second secondary absorption line series in the 
spectra of atoms bound in compounds with covalent bonds; in fact one might 
consider the possibility of distinguishing or detecting such secondary series 
in the spectra of compounds with bonds of an intermediate character as an 
indication of nonuniform distribution of charges within the molecules of the 
compound and the presence in it of atoms or groups of atoms with opposite 
charges. One might venture to predict that in the future, given a more 
thorough and comprehensive understanding of the regularities involved, this 
effect may be utilized even for quantitative evaluations. 


2. On taking into account the role of cross transitions in the theory of 
the principal K absorption edge of atoms in polyatomic molecules and solids. 
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In the preceding section we showed that the relative intensity of the 
secondary line series in the absorption spectra of atoms in polyatomic mole- 
cules and polar crystals and, apparently, the very possibility of represent- 
ing the fine structure of the K absorption edge in the form of a superposi- 
tion of two hydrogen-like absorption line series are connected with the ionic 
character of the bonding in these compounds, i.e., with the presence in them 
of differently charged ions. Yet this fact is in no way taken into account 
in our simple variant of the theory of the principal absorption edge, which 
is based on the concepts of spherical symmetry of the field of the molecular 
radical remaining after K-ionization and the associated assumption of com- 
pletely isotropic polarizability of this radical under the influence of the 
K electron ejected to the periphery of the molecule. 

Whereas in the process of K-ionization of an atom composing a molecule 
with covalent bonds and transfer of the electron to one of the higher excited 
levels of the molecule, the polarizing effect of the electron on the molecu- 
lar radical can in the first approximation be regarded as independent of the 
angular coordinates and the radical itself can be characterized by some single 
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mean polarizability value, in the case of compounds with predominantly polar 
bonding this situation will not obtain. In the case of ionic compounds the 
inverse polarizing effect of the electron knocked out of the K shell must 
depend substantially on in what region of the polar molecule it is located, 
i.e., on whether the electron finds itself in the field of TRenCAULONeON ei) 
the field of the anion. For example, in the case of a simple diatomic polar 
molecule it is obvious that the polarizing influence on the molecular radical 
of a K electron from either of the atoms of the compound will be much greater 
if the electron is in the region of the molecule adjacent to the anion than 
if it moves in the field of the cation. 

In polyatomic molecules of this type the polarizability anisotropy will 
be evinced in a more complicated manner and in general will depend on their 
structure. In all cases of homeopolar bonds, however, there must be a certain 
degree of anisotropy of the polarizability, the extent of which must vary 
within certain limits depending on the direction in which the electron is 
ejected from the K shell of the absorbing atom. 

In view of the known relation! between the polarizability and the para- 


meter n* entering into the basic formulas of the theory, this in turn must 
lead to complication of the structure of the K absorption edges of the atom 
in such compounds as compared with the structure observed in the absence of 
polar bonding, i.e., in the case of simple molecules or molecules with pre- 
dominantly covalent bonds. The precise dependence of the polarizability a 
of the molecular radical and the value of n* associated with it on the direc- 
tion of ejection of the K electron in the process of absorption of x-rays is 
not known. There is reason to assume, however, that the form of this func- 
tional dependence will undergo more or less appreciable changes in going 
from one compound to another. Nevertheless, on the basis of our more or less 
satisfactory semiempirical interpretation of the fine structure of the K ab- 
sorption edges of atoms in a large number of different polyatomic molecules 
and polar crystals, it may be assumed that in compounds with predominantly 
ionic bonds this dependence n*(%, ©) will be characterized by a curve with 
two more or less pronounced extrema (a maximum and a minimum) corresponding 
to the electron ejected from the K shell of the absorbing atom being in 
positions associated with the two most sharply differing states of polariza- 
tion of the molecular radical. In the case of a diatomic polar molecule 
each of these two groups of n* values obviously corresponds to the ejected 
electron being near one or the other of the ions composing the molecule. 

The more pronounced the ionic character of the bonds, the greater must 
be the distance between the centroids of the two groups of n* values and the 
narrower the range of variation of the values within each group, i.e., the 
closer the clustering of the 7* values. Under these conditions the two groups 
of different states of polarization of the molecule (as follows from analysis 
of the experimental data) can be characterized by two mean values of the polar- 
izability or the related parameters n, and n,, while the fine structure of the 
absorption spectra of the atoms in the compound can be represented in the 
form of a superposition of only two series of absorption lines, each of which 
corresponds to one of these values of n*. With decreasing polarity of the 
bonding forces, i.e., with increasing covalence of the bonds, separation of 
two series of absorption lines, additively comprising the observed absorption 
edge, will become theoretically less justified and practically increasingly 
difficult. This should also be manifested in broadening of the corresponding 
absorption lines in each of the two series utilized for synthesizing the ex- 
perimental absorption edge and in increasing deviation of their shape from the 
theoretical dispersion shape. In molecules with purely covalent bonds there 
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arentl be observed only one series of absorption lines. 
sae es see that taking into account the anisotropy of the polarizability 
of the molecule under the influence of the electron ejected to its periphery 
from the K level of one of the constituent atoms enables us a) to understand 
the reason for the appearance of two series of absorption lines in the spectra 
of atoms bound in polyatomic polar molecules and polar crystals, b) to cor- 
relate this effect with the character of the bonding forces predominating in 
the compound and c) to approximate (with due regard to the rough character of 
this method of interpretation of the experimental data) the theoretical limits 
of applicability of our method of analysis. 

From the viewpoint of model concepts regarding the absorption of x-rays 
by each of the ions of a polar molecule or crystal, the conclusion that the 
fine structure of the K absorption edge can be represented in the form of a 
superposition of two series of absorption lines (corresponding in the first 
approximation to two groups of different states of polarization of the system 
after K ionization of its atoms) implies that we admit that in considering 
the process of absorption of x-rays by the atoms of these substances we must 
take into account not only transitions of the K electrons to molecular levels 
within the absorbing ion but also the so-called cross transitions to molecular 
energy levels which are genetically more closely related to the other (ies; 
oppositely charged) ion. 

With a view to evaluating the relative 
probabilities of direct and cross transitions 
in compounds with polar bonds, let us examine 
the simplest case of a diatomic ionic molecule. 
Let us assume that the z-axis of our rectangu- 
lar system of coordinates (Fig.11) is directed 
along the axis of the molecule AB, and that 
atom A is located at the origin. Let R be the 
interatomic distance A-to-B and 7, and 7, be 
the distances from A and B, respectively, to an 


¥ arbitrary point M, whose angular coordinates are 
3 and 9. In essence, calculation of the matrix 
Fig.11. Diagram used in element for the cross transition of a ls elec- 
deriving Eq. (1). tron of the absorbing atom to the molecular 


levels of np symmetry, in view of the symmetry 
of the problem, reduces to calculating only the integral 
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inasmuch as the matrix elements of the x and y coordinates vanish identically. 
Since R/r<1, the corresponding wave functions of the initial and final levels 
of the electron transition in the molecule can,in the first approximation, be 
characterized by hydrogen-like functions of the form (in atomic units): 

4 


Gale eh 
Tv 


n 
CB) i n*?—4{ | —(r—Rcos0) 
ie ok Van V ar ree -7!cos 6, 


where ) is the charge of the molecular radical after K-ionization of one of 
its atoms and n* is the effective principal quantum number of the final level 
Under the above assumptions the sought intensity of the cross transition 
portional to the square of the matrix element, is 
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(1) 
where (D is given approximately by 


q 


a ( R, ea a [! + 2Ry/n* + 2,32 (=4)"] eas, 


As might be expected, Eq.(1) at the limit R-~»0 approaches the expression 
that characterizes the probability of a direct transition in the molecule. 
This expression, as is known, has been substantiated in analysis of the struc- 
ture of the x-ray absorption spectra of atoms of noble gases and simple mole- 
cules.1 

The variation of the function @ with the interatomic distance in the 
molecule (or more precisely with the ratio f/a, where «a is the Bohr radius) 
for different values of n/7 is shown graphically in Fig.12. 

@ Thus in the indicated approximation the 
G27 ag intensity ratio of the absorption lines associ- 
ated with the direct and cross transitions of 
an electron ejected from one of the atoms of the 
molecule in the process of K absorption of x- 


ONS 
rays can be evaluated by means of the expression 
Hyp. Cras siet) gp [z aS (2) 
G10 I; Wee (Rye — 1) i 
or approximately 
Ip og [na\s cy no \ 
Gos Ages ( “| 0(R, 2). (3) 


Calculations of this ratio carried out by 
us for a number of compounds led to numerical 
50 60 70 R/a values satisfactorily consistent with the ex- 
perimental data. 


Ga 


Fig.12. Variation of the 


function @ with the inter- Conclusions 

atomic distance in a polar 

molecule for different val- The theoretical concepts we have examined 
ues of n/n; the figures at herein make it possible to explain and unify 
the curves are values of the earlier discovered empirical regularities 
n/N. in the structure of the x-ray absorption edges 


of atoms in polyatomic compounds with predomin- 
antly polar bonds. They allow, also, of making certain quantitative evalua- 
tions which prove in satisfactory agreement with experimental data. Thus in 
the case of diatomic polar compounds one can from analysis of the known data 
on the polarizability of different anions and cations assert the following: 

1. The extent of the principal absorption line series in the spectrum of 
the cation must always be less than the extent of the secondary series in the 
same spectrum; in the case of the anion spectrum the relationship is reversed. 

2. The relative intensity of the secondary line series in the spectrum 
of the cation must always be greater than the corresponding intensity in the 
spectrum of the anion in the same compound. 

3. The shape of the selective absorption lines within each series in the 
spectra of the cation and anion in compounds with predominantly ionic bonds 
must be close to the dispersion shape. With weakening of the ionic character 
of the bonds, i.e., in going to increasingly covalent bonding, the shape of 
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the lines must deviate increasingly from the above theoretical one. 

4, The relative position of the principal and secondary absorption line 
series is apparently determined by which of the two extreme states of polar- 
ization of the molecule is characterized by the lowest energy. Inasmuch as 
E = -R/n* and the polarizability of the cation is less than that of the an- 
ion, in the case of diatomic molecules the minimal energy must be associated 
with the absorption line series which corresponds to the electron ejected 
from the K shell of the absorbing atom being in the field of the anion. 

5. The anisotropy of the polarizability of polyatomic molecules such as, 
for example, the molecules of the halide salts of some metals (Zn, Ge, etc.) 
depends on their structure and hence (in contrast to the case of diatomic 
compounds) is not directly related with the polarizability of the ions form- 
ing the compound. The considerations developed herein, however, allow of 
predicting the relative intensity and energy positions of the lines of both 
series in the spectrum of one of the components on the basis of the experi- 
mentally determined values of the parameter n* for the principal and second- 
ary line series in the spectrum of the other components of the molecule. 

All the above deductions from our theory are satisfactorily substanti- 
ated by experiment. Or, at least, we know of no x-ray absorption spectrum 
of atoms in polar molecules or simple polar crystals that formed an exception 
to the outlined regularities. 

In view of this further theoretical development of the problems touched 
upon in the present report and systematic accumulation and interpretation of 
experimental material pertaining thereto acquire added importance. In the 
light of further theoretical and experimental work it should be feasible to 
extend and refine and if necessary correct the concepts which, as we have at- 
tempted to show, already allow of deciphering and interpreting many of the 
details observed in the x-ray absorption spectra of atoms bound in polyatomic 
molecules and crystals. Essential, too, is development of more advanced mathe- 
matical methods of solving the problems arising in the field of x-ray spectro- 
scopy. Lacking this, further progress of the theory of the fine structure of 
x-ray spectra of substances having a complicated structure and composition may 
be seriously hampered. 


IMGRE, GEOKhI & IGEM, 
Academy of Sciences of the USSR 
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ON DETERMINING THE DENSITY OF ELECTRON STATES FROM X-RAY SPECTRA 
- I.Ia.Nikiforov 


The shape of an x-ray spectrum characterizes the distribution of electron 
states in energy (neglecting variations in the transition probability) with a 
certain degree of distortion which depends on the width of the inner levels 
and the resolution of the spectrometer. Since the inner levels have a Lorent- 
Zian shape and since the distortion due to the apparatus is also usually close 
to Lorentzianl, the problem of finding the density of electron states in the 
case of an emission spectrum reduces to solving the integral equation 


+00 
F(a)= | f()D(t—2, pat, (1) 
where D(i—x,7)=1/ry [1-+(t—2)?/77)"! the function j(z) is the electron state density 


function, f(x) characterizes the experimental shape of the spectrum and y is 
the sum of the half-widths of the inner level and dispersion curve associated 
with the apparatus distortion. In the case of an absorption spectrum, Eq. (1) 
must be solved twice: once for the intensity curve (to correct for apparatus 
distortion) and again for the absorption coefficient curve (to correct for 
broadening due to the width of the inner level). The present methods for 
solving Eq.(1) have serious shortcomings. Van Cittert's successive approxi- 
mation method?»3% requires wearisome graphic or optical integration, the latter 
involving construction of a complicated optical system. His method is rarely 
used and then only for cases of weak distortion and simple line shape. 4 

The method based on approximating F(x) by arc tangent curves? is not used 
in practice because of its complexity. To find the arc tangent parameters, 
one must solve a cumbersome set of equations with a large number of unknowns, 
which is practically impossible. This is also true when one tries to approxi- 
mate F(x) by Lorentzian dispersion curves. The method involving a trigono- 
metric series approximation® of F(x) (with from 25 to 35 odd sine functions) 
also has serious shortcomings. The harmonic continuation of the function gives 
rise to edge effects, and if one tries to correct this by increasing the inter- 
val of the approximation, the harmonic series does not converge as well and 
the necessary number of terms becomes very large. The Gibbs effect causes a 
Significant amount of distortion on the steep sides of the curve contours. 
For the above reasons, we developed a new method free of the above-mentioned 
shortcomings. : 

In our method, the plot of the /(r) curve is approximated by a series of 
horizontal rectangles (Fig.1). Each of these rectangles can be represented 
in the form of the difference between two step-functions, one of which has 
the step on the left side of the /(r) curve; the other, on the right. If we 
agree always to take the step-function whose step is on the left side with a 
minus sign, calling it a negative step function, the rectangle can be written 
as the sum of positive (right side) and negative (left side) step-functions, 
so that 


N 
F (2) = >) aidi (2), 


i=1 
where d; is the height of the i-th step-function, N is the total number of 
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steps, % a= {4 Ait ieoes for a positive step-function, and 4; (x)= 


_{—1 for <i gor a negative one. The number of step-functions and the 
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chosen so that the (x) curve will be closely approxi- 
is not neccessary to break up each rectangle into two 
all that is required is that the sum of all these step- 


height of each one is 
mated. Obviously, it 
step-functions, since 


j roximate the curve. z 
aah ecg function which, after distortion, will give us a step-function 


; ; ' 2a 
f unit height, we can use Van Cittert's method of successive approximations. ; | 
" The n-th approximation for this function (if we locate the step at the ori 


gin) is given by 


D,(2) = >) (—1)#Ck TD's (2), set 
k=0 
where too +00 
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For a positive step-function, we obtain, after integration, 


x 
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F(z) 


Fig.2. The ninth approximation 4, (z) 
Fig.1. Approximating the /(r) curve for the function which gives a step- 
by rectangular step-functions. function after distortion. The hori- 

zontal axis is scaled in y units. 


For a negative step-function, ®,(z) has the opposite sign. The function 
@,(z) was calculated in the ninth approximation, with the step-function itself 
being taken as the zeroth approximation, which means that F(z) is taken as the 
zeroth approximation of /(z). It will be seen from Fig.2 that this function 
is symmetric about the center point of the step boundary. For correcting a 
curve it is convenient to use the difference ©,(x)—0@(r); this quantity should 
be added to the ordinate of the point on the distorted curve for which we seek 
the true ordinate. 

It is most convenient to carry out the calculations if the curve is 
plotted with the x-axis scaled in units of Y; this y-unit should always be 
taken of the same length, say, 20 mm. The values of ®(x)—é(x) may be laid 
off on a rule (straight-edge) in both directions from the center, using the 
figures given in the table. The rule laid out in this manner can be used 
to correct any and all curves plotted to the selected y-unit scale. 

We now place the rule so that its center (origin) lies on the abcissa 
of the point of interest and note the number on the rule appearing opposite 


bees be dab 
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Calculated values for the spectrum shape correcting rule with 
Y = 20 mm and a step height a = 1 


a 


Dy, (x) — § (x) | x, MM D, (x) —S(x)} x, mm |] @, (x) — 8 (x) x, MM D, (x) — 8 (x) x, MM 
4,00 1,6 0,80 16,9 0,30 24,9 0,09 63,0 
3,50 3,3 0,75 17,4 0,25 26,4 0,08 | 76.4 
3,00 5,4 0,70 17,9 0,20 28,4 OO (arn = 9050 
2,50 7,0 0,65 18,5 0,15 31,8 0,06 105,0 
2,00 ae 0,60 19,4 0,14 33,2 0,05 126 ,0 
dal) aaa OF oo 19,8 0,13 34,6 0,04 159 ,0 
1,00 154 0,50 20,6 Ont 36,0 0,03 204,0 
0,95 155 0,45 21,4 Onda 38,4 0,02 320 ,0 
0,90 15,9 0,40 ene 0,10 44,4 0,04 640 ,0 
0,85 16,4 | OFS 23,0 

a the center of the edge of the given step- 


function. We repeat the process for suc- 
cessive step-functions and then multiply 
each of these numbers by the height of 
the step-functions. Finally, we sum up 
the products with signs determined by the 
sign of the step-function. This gives 
the ordinate of the points on the correct- 
ed F(x) curve. This method requires that 
the point we wish to correct be at the 
center of the edge of some step-function, 
. or else we get further distortion. This 


“2 a 7 limits the number of points for which one 
Fig.3. The function A(z) obtained can obtain the "true" ordinate with a 
after analytic distortion of given set of step-functions. Tests show 

that for simple curves (with one or two 
4f/f% 1 Fe 5g maxima) it is sufficient to take 20 to 25 
10 step-functions of equal height for each 


branch of the curve. 

After distortion, the function F(z) 
should give a step-function. Analytic 
distortion of ©®,(x) shows that F(x) is 
6h. actually approximated not by step-functions, 
but by functions A(x) having the form shown 
in Fig.3. This characterizes the degree 
of approximation of the solution and shows 
that there is no advantage in taking a 
2 large number of step-functions of smaller 

height. 
In order to estimate how the error 
of this method depends on the order'of ap- 
fs ots wd : he proximation of (xz) and the relative width 


Fig.4. Relative error in the of the corrected line, we calculated the 
correction at the peak of the relative error in finding the ordinate 
dispersion curve as a function of the peak of a corrected dispersion 

of the order of approximation of curve for different ratios of y to the 
@(z) (numbers at the curves) and half-width B of the distorted line and for 
the ratio of the broadening 7 several orders of approximation of Q(z) 

to the half-width B of the cor- (Fig.4). As can be seen, the relative 


rected line contour. error at the peak is no greater than 1.5% 
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160 


120 


60 


Fig.5. Test of the method: a) simulated absorption spectrum, b) 
simulated emission band. 


for 7/8 = 0.3 and obviously is much smaller at the other points of the curve. 
As B increases, the error decreases rapidly. The method was tested in the 
following way. The f(z) curve was taken as the sum of an arc tangent and a 
dispersion curve (Fig.5), namely, 


: << 2 x —15\ 25 
F(z) = 100(1 — = aretg a 
1+ (>) 
a curve whose shape is similar to that of actual x-ray absorption lines. We 


also used a curve obtained from this one and approximating an actual x-ray 
emission band, namely, 


‘ —-200 —15 x — 25 
FF, (z) = (aretg =i 5 i = ~aretg = 5 af a 


j t— 282 
EA) 
The mathematically determined corrected shapes 
a = 100/1— = eK t 5)] vo oe 
Ji (2) — aretg (v — 10)] + ares: 
and 
iti rte cea Uae , e— 25 50 
Is (2) = [aretg (e — 15) —aretg 5 | 7 arc eees yas 


are shown on the same figure. 

The points obtained by our method for /i(x) and /,(x) are also shown on 
the plots (crosses). It will be evident that in spite of the fact that ¥/8 
was as large as 0.5 the points depart from the calculated /i(v) and /.(x) 


curves by no more than 5% at the maximum ordinates and that for the most 
part the error is even less than 1%. 


- 1355 - 


The advantages of this method over those mentioned at the beginning 
, of the article are obvious, since no calculations are required to obtain 
the step-function parameters, as is necessary when using the arc tangents, 
dispersion curve and trigonometric series methods. Unlike the last named, 
our method is free of edge distortion. Shortcomings of our method are that 
it can be used only for dispersion type distortion and that its accuracy 
falls off as the ratio of the line broadening to the half-width of the cor- 
rected line increases. In addition, it must be admitted that in the case 
of a complicated spectrum with many Close peaks, the number of computational 
operations becomes rather great. 


In conclusion, I express my Sincere gratitude to Dr. M.A.Blokhin for 
advice and aid in writing the present article. 


Rostov Institute of Agricultural Machinery Engineering 
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INFLUENCE OF AN ACTIVATOR ON THE X-RAY ABSORPTION SPECTRUM 


OF A LUMINESCENT CRYSTAL 
- K.I.Narbutt & I.S.Smirnova 


Over a period of years Barinskii, Vainshtein and one of the present 
authors!-§ have been engaged in developing methods of analyzing the fine 
structure of x-ray absorption spectra. According to the concepts upon which 
these methods are based, the experimentally observed fine structure may be 
regarded as a superposition of lines of selective absorption corresponding 
to allowed transitions of inner electrons to free excited levels and continu- 
ous absorption associated with transition of inner electrons into the energy 
continuum. Other investigators? »8 have expressed a different view regarding 
the nature of the fine structure of x-ray absorption spectra; they assert 
that the fine structure can appear only in the spectra of defect containing 
ionic crystals and that it is connected with the transfer of inner electrons 
to local levels associated with lattice defects. 

Although the methods of analysis of the fine structure of absorption 
spectra developed in Refs.1 through 6 have already been successfully applied 
to a wealth of experimental material, convincing proof of the validity of this 
interpretation of the nature of the fine structure could be furnished only by 
experimental determination of the position of local levels in the fine struc- 
ture of an x-ray absorption edge. Theoretically the position of lines of 
selective absorption associated with transitions to local defect levels was 
predicted for the case of a KCl crystal in Ref.3. It was shown in this theo- 
retical investigation that these lines should appear between the shortest 
wavelength emission line and the first selective absorption line. Recently 
an attempt was made to find evidence of defect levels in the fine structure 
of the K absorption edge of chlorine in a KCl crystal subjected beforehand to 
heavy x-irradiation.2 Evidence of the expected defect levels was not found 
in these experiments and thus the question remained open. Nevertheless, we 
felt that it might be feasible to detect the x-ray absorption associated with 
local levels in the crystal by subjecting the crystal to a stronger influence 
than x-irradiation, namely, by introducing into it an activator, thereby crea- 
ting in it local activator levels. This therefore was the motivation of the 
present investigation. 

At the same time one could expect the influence of the activator to ex- 
tend to the entire crystal lattice with resultant modification of the entire 
structure of the x-ray absorption spectrum. From this viewpoint the present 
investigation was related to studies concerned with the influence of small 
amounts of impurities on the fine structure of x-ray spectra in general. 

For the subjects of our investigation we chose NaI(T1) and CsI(T1) crys- 
tals of the type used in scintillation counters for detecting x-rays. In ad- 
dition to regard for the practical importance of these crystals in x-ray spec- 
troscopy, we were motivated in our choice by the fact that we had already in- 
vestigatedl0 experimentally and theoretically the fine structure of the LyqI 
absorption spectra of both components in an unactivated CsI crystal and of 


iodine in unactivated NaI and therefore already had on hand some of the neces- 
sary data. 


Experimental procedure 


The Lyyz absorption spectra of iodine in Nal, CsI, NalI(Tl) and CsI(T1) 
and of cesium in CsI and CsI(T1) crystals were obtained on a longewave focus- 
ing x-ray spectrograph with a quartz crystal analyzer. We used reflection 


| 
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. from the (1010) planes in the second order; the dispersion was 6.91 X/mm in 
_ the region of the Lyyz edge of cesium and 6.53 X/mm in the region of the L 
edge of iodine. The spectra were recorded photographically and the densities 
measured on an MF-2 microphotometer. All the final results were the average 
values for five curves. We used extremely fine-grained photographic film, so 
that even single curves satisfactorily brought out the structure of the absorp- 
tion edge. The reference lines for wavelength determinations in the region of 
the Lyyyz edge of iodine were the III Co Kaj 2 and IV Cu KB, lines; the refer- 
ence lines for the Lyyyz edge of cesium were the IV W L892 and III Co KB) lines. 
For our investigation we selected NaI(Tl) and CsI(T1) crystals tested before- 
hand in a scintillation counter and found to be effective x-ray photon detect- 
ors. The approximate thallium content of the crystals was 0.01-0.1%. 
Selecting a procedure for preparing the absorbers presented particular 
difficulties. It was necessary to prepare thin screens consisting of un- 
damaged fine crystals of the luminophor and, in addition, it was necessary to 
take into account the highly hygroscopic nature of NaI. The absorbers were 
prepared by grinding the crystal in vacuum type "Vaseline" (petroleum jelly) 
and applying the resultant mixture to cigarette paper in a uniform thin layer. 
For control purposes, absorbers of unactivated substances were prepared in the 
same manner. With this method of preparation it was difficult to determine 
the thickness of the absorber, hence the absorption spectra of both activated 
and unactivated crystals with absorbers of different thickness were photo- 
graphed numerous times. 


Experimental results and analysis 
LL 
S| euiigguer PE YS The absorption spectra of 
sl CsI cesium in the vicinity of the Lirr 
S absorption edge in activated and 
bonne a Nese OT (TL) unactivated CsI crystals are shown 
in Fig.l. As was done in Ref.10 
in the case of an unactivated CsI 
crystal, the Lyy;; absorption edge 
of cesium in the activated CsI(T1) 
crystal can be resolved into lines 
of selective absorption correspond- 
ing to transitions of 2p electrons 
to free d-symmetry bands and a re- 
mainder corresponding to transi- 
tions of 2p electrons to free s- 
symmetry bands. The remainders 
obtained in this manner are shown 
in the upper part of Fig.1; these 
remainders represent the absorp- 
tion associated with transitions 
to s-symmetry bands beginning 
with 6s. As may be seen from the 
figure, introduction of the acti- 
¢ Li a wu" yator leads to splitting of the 
Fig.1. Experimental Lyyzy absorption spec- 6s band. In addition, as was ex- 
tra of cesium in CsI and CsI(T1) crystals. pected, there appear on the long 
The upper insert shows the remainders left wavelength side of the edge, a 
after subtraction of the selective absorp- weak absorption maxima which we 
tion lines; these residual spectra are associated with transitions of 2p 
associated with transition of 2p electrons electrons to local levels. 


to s-symmetry levels. 


CsI( Tl) 
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o a eR Fig.3. Lyyzz spectra of iodine in 
Fig.2. Experimental Ly;, absorption NaI and NaI(T1l) crystals obtained with 
spectra of iodine in CsI and CsI(T1) the minimum thickness of the absorb- 
crystals. ing screen (layer). 


Analogous evidence of 
local levels is observed in 
the Liyr spectrum of iodine 
in CsI(Tl) (Fig.2). The in- 
fluence of the activator on 
the s bands in this case, 
however, is less pronounced. 

With a view to elimin- 
ating any possibility that 
the observed alteration in 
structure was due to the in- 
fluence of absorber thick- 
ness, the Lyyzy 2bsorption 
spectra of iodine in NaI 
and NaI(T1l) were photographed! 
with the minimum and maximum 
possible thicknesses of the 
absorbing layer. The results: 
are shown in Figs.3 & 4. It. 
will be obvious from a com- | 
parison of the curves that 
the difference in structure 


L edge of 1 
a 
LL 


0 0 20 &N of the Lyyz edges of iodine 
Fig.4. Lyyz absorption spectra of iodine in in the activated and unacti- 
NaI and NaI(Tl) crystals obtained with the vated absorbers is due to 
maximum thickness of the absorbing screen. the influence of the acti- 


vator and not to any vari- 
ation in thickness of the 


Se 
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layer. In the case of NaI introduction of the activator leads to the appear- 
ance of additional absorption maxima on the long wavelength side of the edge 
and noticeable splitting of the 6s band. 

Thus we note the following changes in the structure of the L absorp- 
tion edges of iodine and cesium in NaI and CsI crystals as a result of intro- 
duction of the activator; 

1. Additional fine structure in the form of weak absorption maxima or in- 
flections in the spectral curve appears on the long wavelength side of the Lyrr 
discontinuity. 

2. The structure associated with transitions of 2p electrons to the free 
S-symmetry bands (beginning with 2p—s6s) is noticeably modified. 

3. The absorption edge of the halide is displaced to the long-wave side, 
while the absorption edge of the metal is displaced in the opposite direction; 
the magnitude of the shift amounts to 0.6-1 ev. The last two effects are ap- 
parently manifestations of the general influence of the impurity on the system 
of energy bands in the crystal. 

As was noted above, in the work of Ref.9 it proved impossible to find any 
evidence of local levels produced by heavy x-irradiation of the crystal in the 
fine structure of the K absorption spectrum of chlorine in KCl. In that study 
the x-ray dosage was such that one could expect the appearance in the crystal 
of local levels in the amount of 0.1% relative to the total number of atoms in 
the crystal. In the activated crystals used in the present investigation the 
number of local levels was not greater than in the x-irradiated crystals of 
Ref.9, inasmuch as the thallium content in our crystals did not exceed 0.1%. 
Yet, in the case of the activated crystals, evidence of local levels was de- 
tected in the x-ray spectra. Thus where manifestiation of local levels in 
x-ray spectra is concerned, it would appear that what is important is not the 
quantitative aspect but the qualitative difference of the local levels pro- 
duced by the activator. 

As was shown in Ref.2, one can calculate the wavelengths of the lines in 
the ultraviolet spectrum of a material from analysis of the structure of the 
absorption edge provided the energy level of the last filled band in the crys- 
tal is known. This energy value can be determined if we know the wavelength 
of the last emission line of the x-ray spectrum of the given series. 

In the case of iodine the transition from the last filled Orr, 111 band 
to the Lyyyz level is forbidden by the selection rules so that direct determin- 
ation of the relative position of the last filled band is impossible. One 
can, however, artificially determine the position of the last emission line 
utilizing the value of the term for the 7474 line corresponding to the Oyy rrr 
—Ly transition and the relationship 


Orr rrr bz = (rr, rrr by) - Gy Lp- 


By way of illustration we give the calculation for NaI below. 

For determining the Lyy;; - Ly term difference one cannot use the tabular 
values of the Lyyzyz and Ly; terms, calculated, as is usually done, from the 
points of inflection in the long wavelength side of the absorption edge curve. 
Inasmuch as the first absorption peaks in the Ly and Lyyy edges correspond to 
transitions from the Ly and Lyyzy levels to the Pyy yyy and Ove bands, re- 
spectively, the difference taken in this manner includes the difference be- 
tween the final bands of the transition, i.e., the difference 


(Pyr,rrz ~ Ly) - Cry,v - Lyzp = Gzzz - Lp - Cr,v - Pr1,11p- 
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Hence in order to determine the difference Lyyyz - Ly from eel enavitl 
absorption discontinuities one must take not the points of See ae ne 
long wavelength side of the absorption curve but the points of inflec oe Se 
arc-tangent curves obtained in resolving the edges corresponding to se re 
absorption. Proceeding in this manner, we obtained the following values 


the points of inflection of the true absorption edges: 


for the true Ly edge: \ = 2378.76 X; Y/R = 383.08, and 
for the true Lyyzz edge: A» = 2708.18 X; Y/R = 336.48. 


We obtained the alae line by the primary method with the x-ray tube 
operated at reduced power. In calculating its wavelengths we used the IV W 
LBg and II Cu Kdg lines as reference. We obtained 


X = 2386.22 X and the corresponding term value °/R = 381.88. 


Using the term difference (Ly - Lyyz) and the term value for the 747'‘'4 
line evaluated as described above, we determined the relative absorption (with 
reference to the Lyyy edge) of the last emission line characterizing the posi- 
tion of the last filled band: 


CYR urrr - Orr, 11 = 381-88 - (so 0 Res oe = 335.28, 
ALi ye> Orr Tr : 


The position of this line in the spectrum is shown by dash lines in Figs. 
3 & 4. 

Using the above value, we calculated the wavelength of the band in the 
optical spectrum of NaI(Tl) corresponding to the weak absorption peak @ (see 
Figs.3-4) appearing in the long wavelength part of the Lyyyz edge as a result 
of introduction of the activator. We obtained } = 5600 A, which is in good 
agreement with the experimental valuell for the wavelength of the F absorption 
band in NaI(Tl), namely, \exp = 5880 A. The analogously calculated wavelength . 
of the band in the optical spectrum corresponding to the weak absorption maxi- 
mum d/(Fig.4), which is more clearly evident in the case of a thick absorber, 
is 2900 A. Hilsh1l2 reports observing a band at 2930 A in the spectrum of 
NaI(Tl). The agreement of the calculated wavelengths with the experimental 
values may be considered fully satisfactory inasmuch as the accuracy of our 
measurements was no better than 0.11 ev, which corresponds to an uncertainty 
of +300 A in calculating the wavelengths in the optical region. 

On the basis of the experimental data obtained for the absorption spec- 
trum of the NaI(T1) crystal and analysis of this spectrum, we constructed the 
energy diagram shown in Fig.5. In this diagram we have indicated the posi- 
tion of the last filled band as well as the positions of the local levels; 
the arrows in the lower part of the diagram denote the electron transitions 
corresponding to bands that should be observed in the optical spectrum of 
this crystal. ) 

A similar energy diagram was also constructed for the CsI(T1) crystal and 
is shown in Fig.6. It should be noted that in the case of CsI(T1) the local 
levels were evinced both in the Lyyy absorption spectrum of the iodine and in 
the Lyzy absorption spectrum of cesium; their energetic location relative to 
the selective absorption lines of the d series was the same in both cases with-. 
in the limits of the experimental error. It follows from our calculations | 
that there should be observed bands at 2990, 1800, and 1170 A in the optical 
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Fig.5. Energy diagram for NalI(T1) Fig.6. Energy diagram for CsI(T1) 
crystal constructed on the basis of crystal constructed on the basis of 
the x-ray spectroscopic data. the x-ray spectroscopic data. 


spectrum of CsI(T1). According to the data in the literature a band at about 
2900 A has been observed in the spectrum of this crystal,12 


Conclusions 


1. The investigation provided experimental evidence of the influence of 
an activator on the x-ray absorption spectrum of luminescent crystals in the 
case of NaI and CsI crystals activated with thalliun. 

2. We observed the appearance of additional absorption maxima on the 
long wavelength side of the absorption discontinuity in the Lizz spectra of 
iodine and cesium in CsI(T1l) and of iodine in NaI(T1l); we inferred that these 
new peaks are associated with electron transitions to local levels. 

3. The wavelengths of the bands that should appear in the optical region 
of the spectrum have been calculated on the basis of analysis of the long- 
wave portion of the Lyyy absorption spectrum of iodine in Nal(T1) and the 
Lizzy absorption spectra of iodine and cesium in CsI(T1l) crystals. The calcu- 
lated values are in satisfactory agreement with optical experimental data, 
in particular with the wavelength reported for the F band in NaI(T1). 

4. The alterations observed on the short-wave side of the discontinuity 
in the Lyy; absorption spectra of iodine and cesium in NaI and CsI crystals 
upon the introduction of an activator (T1) amount to splitting of the second 
intense absorption peak, which according to our analysis indicates splitting 
of the 6s band into at least two bands. 

5. With introduction of the activator the absorption edge of the halide 
is shifted to the long-wave side and that of the metal to the short-wave side 
by ~1 ev. 

6. Energy diagrams for the NaI(Tl) and CsI(T1) crystals have been con- 
structed on the basis of the x-ray spectroscopic data obtained in the present 
investigation. 
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INVESTIGATION OF THE FINE STRUCTURE OF X-RAY ABSORPTION SPECTRA 
OF ALKALI HALIDE COMPOUNDS 


- I.S.Smirnova & K.I.Narbutt 


The most fruitful approach to the study of the structure of x-ray ab- 
sorption spectra, in our opinion, is through investigation and analysis in 
proper sequence of the spectra of materials of increasing complexity, i.e., 
starting with gases and proceeding to more complicated compounds. Positive 
results have already been obtained in this way.1-4 

Where the absorption spectrum of solids are concerned, we come first to 
the group of alkali halide compounds. Investigations of the spectra of po- 
tassium and chlorine in ionic KCl crystals%,® and analysis of the K spectra 
of potassium halides’ have shown that not only can systematically accumulated 
experimental data on ionic crystals be analyzed from a consistent viewpoint 
but that such analysis allows of bringing out certain important regularities. 
A number of different investigators have studied the fine structure of the 
x-ray absorption spectra of alkali halide compounds. In the accompanying 
table, listing all the alkali halide compounds, we have underlined the elements 
whose absorption spectra have already been investigated. Thus the K spectra 
of sodium in all sodium halides have been investigated by Rule’; the Lyyy spec- 
tra by O'Bryan9. The K spectra of potassium in all potassium halides was in- 
vestigated in the above mentioned work of Vainshtein, Barinskii & Narbutt’, 
as well as by Trishka!°, and Kiyonoll. The K spectra of chlorine were investi- 
gated experimentally and theoretically by Barinskiil2, 


> The purpose of the present work was to 
; Sequat ; complete the experimental investigation of 


this group of compounds insofar as the pos- 
sibilities available to us allowed. If we 
exclude from consideration the ultralong 
wavelength region of the x-ray spectrum 
(the absorption spectrum of lithium and 
fluorine) , it will be seen from the table 
that the following absorption spectra had 
not been previously investigated: iodine 

in the iodide series, bromine in the bro- 
mide series, and cesium and rubidium in 

the respective halides. In the present re- 
port we shall give the results of investi- 
gation of the structure of the Lyyyz absorp- 
tion spectra of iodine in the iodides of 
all the alkali metals (LiI, NaI, KI, RbI and CsI) and the Lyyzyz absorption spec- 
tra of cesium in all its halides (CsF, CsCl, CsBr and CsI). We also investi- 
gated the absorption spectra of bromine in the alkali bromides and of rubidium 
in its halides, but the results obtained will be set forth in another article. 
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Experimental procedure 


The absorption spectra of iodine in the alkali iodides and of cesium in 
its halides were obtained on a long-wave curved quartz crystal spectrograph 
in the second order of reflection from the (1010) planeswith a dispersion of 
6.913 X/mm in the region of the Lyyzz edge of cesium and 6.53 X/mm in the re- 
gion of the Lyyzy edge of iodine. The spectra were recorded photographically 
and measured by means of an MF-2 microphotometer; the final values in each 
case were averages for five photometric curves. The use of extremely fine- 
grained photographic film minimized the harmful influence of grain so that 
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even 


individual curves satisfactorily brought out the structure of the absorp- 


tion edge. The reference lines used in determining the wavelengths in the 


Lit 


ence lines for determining the wavelengths in the Lyyzyz edge of cesium were the 
IV W L82 and III Co KB, lines. The absorbers (samples) were prepared by soak- 
ing sheets of cigarette paper in aqueous solutions of the respective salts. 


The best absorber thicknesses were found empirically. 


In investigating the 


Lizz edges of iodine the effective thickness of the absorber was of the order 
of 5 p iodine, while for the Lyyzz edges of Cs it was 5-8 yw cesiun. 


Results and analysis 


The experimental Lyyzyz absorption spectra of Cs in all the halides and 
the Lyyzz spectra of I in all the iodides are reproduced in Fig.1. 
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Fig.1. Experimental Lyyzy absorption spectra of cesium 
and iodine in the indicated alkali halides. 


In turning to 
interpretation of 
the results we must 
note that only avail- 
ability of systemat- 
ic data, i.e., the 
results of investiga- 
tion of the Liqr 
spectra of cesium 
in all its halides 
and of the Lyyyz spec- 
tra of iodine in all 
the iodides made it 
possible to decipher 
the results by means 
of the method of 
analysis of absorp- 
tion edges developed 
in the above-cited 
investigations 
(Refs.2,3,5 & 7). 
The distinction was 
that in this case 
we were dealing with 
the Lyyz absorption 
spectra whereas in 
the earlier investi- 
gations only the K 
spectra were analyzed. 

We treat the Lyyy 
absorption spectra 
as being the result 
of superposition of 
the selective absorp- 
tion lines corres- 
ponding to allowed 
transitions of 2p 
electrons to free 
s- and d-symmetry 
bands (2p—ns and 
2p—end) ° The Lrryr 


edge of iodine were the III Co Kd), and IV Cu KB; lines, while the refer- | 
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Akh) Eee eee ae of lines: an s and ad series; 
rage eT plest case. As was shown in Ref.5 for 

p c case of the K absorption spectra of potassium and chlorine in 
KCl crystals, the K spectrum of each of the components of the crystal consists 
of a superposition of two series of selective absorption lines: a principal 
and a secondary series. Applying these concepts to the given case, we must 
aes o find in the Lyry spectrum four series of lines, namely, two s series 
ee and secondary one) and two d series (again, a principal and sec- 

These were the concepts utilized in analyzing our experimental data. 

For purposes of illustration and more detailed analysis here we have selected 
the data for CsI inasmuch as in this case we investigated both the components. 
Examining the Lyyy edges of cesium, we note the presence of a clearly pro- 
nounced intense white line in all the edges. It is natural to infer that 
this line is associated with 2p—»5d electron transitions. This gives us the 
beginning of the principal d series. We associate the "hump" in the short 
wavelength part of the Lyzzy absorption spectrum, whose intensity is greatest 
in the case of the most ionic compound CsF and falls off in going to the less 
ionic compounds (i.e., to CsI), with transitions to the s state. The first 
maximum of the principal d series is clearly evident; we identified the bulge 
on the short wavelength side of the principal maximum with the second line of 
the principal d series and on the basis of this identification calculated the 
effective quantum number n* for the principal d series (n* = 1.41). Next we 
plotted the entire principal d series and the true edge. We subtracted this 
total curve from the experimental one and obtained a remainder in the form of 
two lines indicating the existence of the second d series. This remainder 
was represented in the form of a series with n*= 1.55. 

The described resolution is shown in Fig.2. Here we show the selective 
absorption lines of the principal d series and have hatched the area under 
the secondary d series. The integral (total) curve for the d series is given 
by the dash line. The remainder obtained in the short wavelength part of the 
spectrum is by inference associated with transitions to s states, beginning 
with 6s and comprises two s series (a principal and a secondary). 

Let us now turn to the L;;; spectrum of iodine. On the basis of the 
general concepts developed in Ref.5 & 7, it may be assumed that the order of 
arrangement of the series must be the same as in the Lyyy spectrum of cesiun. 
Consequently, we aligned the first peak of the Lyzz edge of iodine with the 
first peak in the Lyyz; edge of cesium. This enabled us to determine the posi- 
tion of the first line of the secondary d series in the L,;; spectrum of 
iodine. The position of the first line of the principal line of the d series 
of iodine was determined from the position of the first line of the secondary 
d series in the cesium spectrum. Using the same effective quantum numbers 
as in the case of the Lyyzz edge of cesium (nc,= 1.41 and nj = 1.55), we con- 
structed the principal and secondary d series. The remainder, obtained after 
subtracting the integral curve from the experimental one, contains two s 
series (it is shown in the upper part of Fig.2). 

There are a number of noteworthy features in the structure of the Lyyy 
edges of cesium and iodine in CsI. In the spectrum of cesium the principal 
d series is much more intense than the secondary one, whereas in the Lyyy 
spectrum of iodine the secondary d series approaches the intensity of the 
principal d series. The explanation for this must be sought in the different 
configurations of the 5d shells of iodine and cesium (the atomic numbers of 
Cs and I are 55 and 53, respectively) and in the fact that the filling of the 
5d shell begins with the atomic number 57. 
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From our analysis of the absorption spectra of cesium and iodine (Fig. 2) 
it will be evident that the s states are more strongly manifested in the L II 
spectrum of iodine as compared with the Lyyyz spectrum of cesium, which, of 
course, is consistent with the fact that the 6s shell of iodine is vacant, 
while the 6s shell of cesium is partially filled. 

An analogous analysis can be carried out for the other compounds, but 
even without going through the process, from an examination of the shape of 
the experimental curves shown in Fig.l, one can readily see that in the Liir 
spectra of cesium and its halides as we go from iodine to fluorine the remainder 
which we associate with 2p—-ns transition (n> 6) increases; this is undoubted- 
ly related with the increasingly ionic character of the compounds as we go to 
CsF. Or, more accurately speaking, one can say that with increasing hetero- 
polarity of the compound the intensity of the principal s series must increase. 
In contrast, in the Lyyzz spectra of iodine the degree to which the compound 
is ionic should not have much effect on the total magnitude of the s remainder 
inasmuch as the 6s shell of iodine in the compounds in question does not parti- 
cipate in the chemical bonding. Variation in the degree of heterpolarity 
should, however, exert some influence on the intensity of the secondary s 
series which may lead to some change in shape of the s remainder. 

We determined the wavelengths corresponding to the characteristic points 
of the investigated spectra. It was found that the wavelengths of the princi- 
pal peak in the Lyyy spectra of cesium remains the same in all the cesium com- 
pounds and equals 2468.03 + 0.05 X-units. In the light of what has been said 
regarding the structure of the Lyyyz spectrum of cesium, this means that the 
wavelength of the 2p-*S5dline of the principal series, which essentially deter- 
mines the position of the principal peak, remains unchanged in all the cesium 
compounds. In contrast, the wavelength of the first (lower) absorption peak 
in the Lyyyz spectra of iodine changes appreciably as we go from lithium to 
cesium iodide. We obtained the following values: 


LiI 2711.55 + 0.06 X RbI 2711.87 + 0.06 X 
NaI 2711.87 + 0.06 X CsI 2712.20 + 0.06 X 
Ring 2 ¢1 2243) +90. 06.X% 


In the light of the concepts developed here and taking into account the 
invariance of the wavelength of the first peak in the Lyyyz absorption spec- 
trum of cesium, the variation of the wavelength of the first peak in the Lyyy 
spectrum of iodine can be interpreted as the result of changes in the ratio 
of the intensities of the principal and secondary d series (Fig.2). It also 
follows from the above that the energy values of the selective absorption lines 
associated with 2p-—»nd type transitions do not depend on the character of the 
chemical bonds. It is interesting to compare this result with the fact, estab- 
lished in the investigation of Ref.13 (the preceding article) that the entire 
spectrum of NaI and CsI crystals is shifted upon the introduction of an acti- 
vator (Tl). 


Conclusions 


1. We investigated the Lyyz absorption edge of cesium in all cesium hal- 
ides and the Lyyy absorption edge of iodine in all alkali iodides: 

2. The structures of the cesium and iodine Lyyzy edges in CsI have been 
analyzed on the basis of the hypothesis that the Lyyy spectrum is the result 
of superposition of four series of selective absorption lines (a principal 
and secondary d series and a principal and secondary s series) and continuous 


absorption. 
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3. The Lyyy absorption spectra of cesium in its halides are character- 
ized by an intense first absorption peak and a weak second peak. In contrast, 
in the Lyyzz spectra of jodine in the alkali iodides the first absorption peak 
is lower than the second. These distinctive features can be explained by 

a) the ratio of intensities of the principal and secondary d series: in 
the spectra of cesium the secondary series is strongly suppressed, while in 
the spectra of iodine the intensities of the principal and secondary d series 
are approximately equal; and 

b) the difference in the filling of the 6s shells of iodine and cesium: 
in iodine this shell is vacant, while in cesium it is partially filled, thus 
giving rise to an appreciable intensity of the s series in the spectra of Cs 
and I. 

4. The variation in the structure of the Lyyz; absorption spectra of Cs 
and I in going from compound to compound amounts essentially to variation in 
intensity and shape of the second absorption maximum which we associate with 
2p—ns transitions. 

5. The wavelength of the first peak in the CsI Lyyy absorption spectra 
remains the same for all the cesium halides. The wavelength of the first 
peak in the Lyyz spectra of iodine varies over a range of about 0.65 X (1.4 
ev). These data, together with the proposed interpretation of the structure 
of the spectra lead us to conclude that the position of the lines of select- 
ive absorption does not depend on the character of the chemical bonds: the 
nature of the bonds (the degree to which ionic bonding predominates) affects 
only the relative intensities of the lines of the principal and secondary 
series. This leads to displacement of the experimentally observed peak which 
is the sum of the principal and secondary line series as one goes from less 
to more ionic crystals. 


IGEM, Academy of Sciences of the USSR 
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K ABSORPTION SPECTRA OF CHLORINE IN ALKALI METAL CHLORIDES 
- R.L.Barinskii 


Introduction 


It has been shown in Refs.1-4 that the x-ray K absorption spectra of 
certain alkali halide crystals and gas molecules containing two different 
atoms can be represented in the form of a superposition of two series of ab- 
sorption lines and continuous absorption. In resolving the spectrum, i.e., 
in plotting each line series and the continuous absorption, it was considered 
essential to adhere to the formulas derived for the hydrogen-like atom. The 
only arbitrary quantities in the analysis were the relative positions of the 
two series and their relative intensities. Where experimental data on the K 
absorption spectra of both components of the molecule or crystal were avail- 
able even this arbitrariness fell away and the K absorption spectra of both 
components could be represented unambiguously in the form of two series of 
selective lines. 

As a result of resolution of the K absorption spectra of potassium in 
KF, KCl, KBr and KI crystals4, it was found that the extent of the secondary 
line series and the relative intensities of the principal and secondary series 
are subject to certain definite regularities, namely, depend on the polariza- 
bility and atomic number of the anion. This deduction, it must be noted, was 
reached for the specific case of the K absorption spectra of potassium in the 
enumerated halide crystals and its physical meaning as well as the validity 
of the basic hypothesis regarding the possibility of representing K absorption 
spectra of molecules and ionic crystals in the form of a superposition of two 
line series remained open to some question. 

It was felt, therefore, that the availability of additional experimental 
material on the K absorption spectra of molecules and crystals in a series 
with continuously varying properties of one of the components (as for example 
in the series KF, KCl, KBr and KI) would allow of checking and refining the 
earlier deductions and provide the basis for a specific theoretical model that 
would lead to and thus substantiate the earlier empirical conclusions. 

Hence by way of subject for the present investigation we chose the K ab- 
sorption spectra of chlorine in the halides of Li, Na, K, Rb and Cs. All 
these halide crystals (except CsCl) have a simple cubic lattice and comprise 
cations with gradually changing parameters (ionic radius, polarizability, ion- 
ization potential, etc.) which should be evident in the character of the fine 
structure of the K absorption spectra of chlorine bound in these crystals. 


Experimental results 


The K absorption spectra of chlorine in the various chlorides were investi- 
gated on a vacuum x-ray spectrograph with quartz crystal bent to a radius of 
0.5 meters. The spectra were recorded in the first order on fine-grain posi- 
tive motion picture film. The dispersion of the instrument was 14 X/mm (9 
ev/mm). The x-ray tube with a tungsten anode was operated at 30 to 50 ma and 
5.5 kv. The exposure time varied from 5 to 8 hours. The spectra were measured 
on an MF-2 microphotometer, the scanning being repeated at 4-5 different 
heights and the final results being taken as the average for 3 to 5 films. 

The specimens were prepared by compressing C.P. powders of the various 
compounds between two sheets of cigarette paper. The thickness of the absorb- 
ing layer prepared in this manner was determined by weighing and varied from 
3 to 7 mg/cm2. The best results were obtained with the thin absorbers (~ 3 


mg/cm?) . 
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In view of the fact that Licl is strongly 
hygroscopic a special procedure had to be de- 


iy veloped for preparing and weighing the specimens _ 


of this compound; the final stages of drying of : 
the LiCl specimens were carried out under high | 
vacuum in the spectrograph tank itself. In : 
oan Fig.1 we give the photometric curves of the K | 
absorption spectra of chlorine in LiCl, NaCl, KCI, 
NaCl RbCl and CsCl reduced by means of the calibration 
curve for the photographic to the px scale, where 
KCL 


going from Li to Cs the long wavelength "branch" 


and the maximum of the fine structure of the K 
absorption spectra is displaced further to the 
RBCL long wavelength side. There also occurs an ap- 


preciable change in the fine structure itself, 
although at first glance there appears to be no 
consistent regularity in the nature of the 

CsCl changes. 


. is the absorption coefficient and «x is the 
thickness of the absorbing specimen. 
It will be seen from the figure that in 


Interpretation of the results 


u 5 ie aay As the basis for resolution of the K ab- 
Fig.1. Absorption spectra sorption spectra of chlorine in the above enumer- 
of chlorine in LiCl, NaCl, ated compounds into two line series and continu- 
KCl, RbCl and CsCl. ous absorption we took the K spectrum of chlor- 


ine in KCl inasmuch as such a resolution for the 
K spectra of both components (K and Cl) had been carried out in an earlier in- 
vestigation!. The results of this resolution are shown in Fig.4, where in the 
upper part of the figure the experimental K absorption edge of chlorine in KCl 
is shown by the heavy solid line, the individual components (the absorption 
lines through the fourth in the series and the continuous absorption) are shown 
by the light solid lines and the integral theoretical curve for the principal 
series is indicated by the dash line. In the lower half of Fig.4 the hatching 
(heavy solid line) represents the secondary series, i.e., the difference be- 
tween the experimental curve and the integral theoretical curve for the princi- 
pal series; the dash line indicates the integral theoretical curve for the 
secondary series. The locations of the lines on the energy scale are indi- 
cated by the vertical lines in the "spectra" under the curves. The values of 
the parameter n* (principal quantum number) for the principal and secondary 
series and the values of the relative intensities of the series obtained in 
the present resolution were virtually identical with those arrived at in the 
analysis of Ref.1. 

In order to realize the resolution of the K absorption spectra of chlor- 
ine in the other compounds it was necessary to assume in the first approxi- 
mation (as was done earlier in Ref.4) that the principal series in the K spec- 
tra of Cl undergoes little variation in going from LiCl to CsCl, that is, that 
all the observed changes in the structure of these spectra occur primarily in 
the secondary series. Further from the appearance of the K spectra shown in 
Fig.1, it follows that the width of the absorption lines progressively in- 


creases in going from CsCl to LiCl and that it can be gaged from the experi- 
mental data. 


aoe 


=Si 37 le— 


Fig.2. K absorption spectrum of Cl Fig.3. K absorption spectrum of Cl 
in LiCl. in NaCl. 


& 


10 


an 


Fig.4. K absorption spectrum of Cl Fig.5. K absorption spectrum of Cl 
in) KCl, in RbCl. 


Note: In all the above figures and Figs.6 & 9: 1) experimental curve, 2) indivi- 
dual "resolution" components of the principal line series, 3) integral theo- 
retical curve for the principal series. In lower half of each figure: hatched 
area = difference between the experimental and the integral theoretical curves 
for the principal series; dash line = integral theoretical curve for the second- 
ary line series. 
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Fig.6. K absorption spectrum of 


Cl in CsCl. 
Al, ev 
tl, p ‘ 
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Fig.7. Plot of the ratio of intensi- 
ties Ij/Ig of the principal and 
secondary line series in the K ab- 
sorption spectra of Cl in LiCl, 
NaCl, KCl, RbCl and CsCl vs the 
ionization potential of the alkali 
metal ions. 


Fig.8. Plot of the difference be- 
tween the absorption line widths 
OP vs the difference between the 
ionic radii of the alkali metal 
ions AR. 


The K absorption spectra of chlorine | 


in LiCl, NaCl, RbCl and CsCl were resolved 
accordingly and the results obtained are 
shown in Figs.2,3,5 & 6. 


Analysis of the resultant data showed, 


in agreement with the earlier results of 
Ref.4, that the value of the principal 
quantum number n* of the secondary line 
series is directly proportional to the 
polarizability of the cation. 
of the straight line plot characterizing 

the relationship, however, is somewhat less 
steep than was found in the work of Ref.4. 
The same relationship, as in Ref.4, was 
found between the ratio of intensities 
(1j/Ig) of the principal and secondary line 
series and the atomic number of the cation. 


The slope 


The physical meaning of this relation- 


ship becomes more clearly apparent if we 
plot Ij/Ig vs J the ionization potential 
of the cation (Fig.7). 
dependence also proves to be linear and 
shows that the intensity of the secondary 
line series increases with increasing ionic 
character of the bonds. 


In this case the 


Let us see what influence the magnitude: 
of the ionic radius of the cation has on 
the fine structure of the K absorption 
spectra of chlorine in its alkali metal 
compounds. As we noted above, the ab- 
sorption line width progressively in- 
creases in going from CsCl to LiCl. . 
The character of this growth can readily 
be followed in Figs.2-6. A similar ef- 
fect has been noted earlier in the case 
of the 2p, 3s and 4p emission bands of 
alkali halide crystals® and is connected 
with decrease of the radius of the metal- 
lic ion in the Cs—Li series. With de- 
creasing radius of the cation, the hal- 
ide ions come closer together and the 
overlapping of their electron shells in 
creases. This leads to a broadening of 
the spectral lines. The effect is 
quantitatively illustrated in Fig.8 
wherein the difference in line width AT 
(difference between the line width in 
the indicated compound and the width 
in CsCl) is plotted against AR (the 
radius of the indicated alkali ion 
minus the radius of Cst. 

The correctness of the above de- 


scription of the resolution of the K absorption spectra of chlorine was checked 
for the case of NaCl using the K absorption spectrum of sodium in NaCl obtained 
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by Rule®. As the first step Rule's ex- 
perimental curve was replotted to the 
same scale as the curves in Figs. 2-6 
(heavy solid curve in Fig.9). As the 
basis for the resolution of this spec- 
trum, we used the secondary series 
separated out in the K spectrum of 
chlorine in NaCl and shown in the lower 
half of Fig.3. In the case of the K 
spectrum of sodium, this series must be 
the principal series and is therefore 
plotted as such (light. solid line) in 
the upper half of Fig.9. The dash line 
in the upper part of Fig.9 is the inte- 
gral theoretical curve for this princi- 
pal line series. Naturally, the re- 
mainder obtained after subtracting the 
principal line series from the experi- 
mental K absorption curve for Na in 
NaCl (indicated in the lower part of 
Fig.9 by the hatching) and the integral 
theoretical curve of the secondary line 
series in the K spectrum of Na in NaCl 
must agree with the principal line series 
in the K spectrum of Cl in NaCl. That 
this is so will be evident from a con- 
parison of Fig.3 (principal line series) 
and Fig.9 (secondary line series). This 
Fig.9. K absorption spectrum of Na proves both the correctness of our reso- 
in NaCl. lution and the validity of the initial 
assumption upon which it is based. 


Conclusions 


1. We recorded the K absorption spectra of chlorine in LiCl, NaCl, KCl, 
RbCl and CsCl in the first order on a quartz crystal x-ray spectrograph. 

2. The experimental curves exhibit a gradual shift to the side of longer 
wavelengths in going from LiCl to CsCl. The fine structure of the spectra also 
undergoes appreciable changes which at first glance appear to be characterized 
by no apparent regularity. 

3. The K absorption spectra of Cl in the enumerated compounds were re- 
solved into a principal and secondary line series and the true edge in accord- 
ance with earlier developed concepts and procedures.1-4 

4. The correctness of this method of resolution was demonstrated for the 
case of the K absorption spectrum of Na in NaCl obtained some years ago by 
Rule® under entirely different experimental conditions. This demonstration 
again proved the validity of our method of analysis. 

5. The resolution of the K absorption spectra of chlorine in its alkali 
metal compounds made it feasible to bring out certain regularities in the vari- 
ation of the structure of the K spectra and to correlate the observed varia- 
tions with such crystal parameters as the polarizability of the cation, its 
ionization potential and the ionic radius. 
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6. We give a physical interpretation of the detected regularities based 
on taking into account the variation in the ionic character of the bonds in 
alkali halide crystals and in the degree of overlapping of the electron shells. 
of the chlorine ion. 

7. The results obtained in the present investigation together with the 
earlier available data led to the formulation of a new theoretical model 
characterizing the processes occurring incident to K absorption of x-rays 
in gas molecules and alkali halide crystals (see Ref.7). All the deductions 
following from this model are in satisfactory agreement with the empirical 
generalizations arrived at earlier concerning x-ray absorption in such mole- 
cules and crystals. 


Institute of Mineralogy, Geochemistry and Crystal Chemistry 
of the Rare Elements ("IMGRE''), Academy of Sciences of the USSR 
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L ABSORPTION AND EMISSION SPECTRA OF Mo IN MOLYBDENUM CARBIDE 
AND OTHER COMPOUNDS 
- R.L.Barinskii & E.E. Vainshtein 


Introduction 


The question of the nature of the chemical bonding forces between the 
atoms in carbides, nitrides and other "interstitial phases" of the transition 
elements and the question of the degree and character of participation of the 
nd electrons of the metal in the chemical bonds are among the most interest- 
ing and as yet obscure questions in the realm of chemistry and metallurgy. 
There have been advanced a number of more or less plausible hypotheses! ,2 
regarding the character of the bonding forces between the atoms of the metal 
and the nonmetal in these compounds which, as we know, are characterized by 
a number of exceptional properties, properties that make them of great practi- 
cal value. It has as yet been impossible to verify or disprove the different 
rival hypotheses due to the lack of sufficiently accurate, unambiguous experi- 
mental procedures. Indirect deductions, such as those drawn on the basis of 
analysis of data on the magnetic and electric properties of these substances 
or from crystallochemical considerations, often lead to contradictory or am- 
biguous results. 

New and as yet unutilized possibilities as regards solution of these 
problems are offered by the methods of x-ray spectroscopy, based on experi- 
mental investigation and theoretical interpretation of the data on the fine 
structure of the x-ray spectra in different series of compounds. The present 
level of development of x-ray experimental techniques and the progress made 
in recent years in the field of the theory of x-ray spectra makes the spectro- 
scopic method one of the most direct and promising experimental means for in- 
vestigating the energy structure of solids and the allied question of the 
nature of the chemical bonds in them. 

The first systematic investigations of the fine structure of the x-ray 
spectra of atoms of the transition elements in carbides, nitrides and some 
other "interstitial phases" were undertaken in two recently published studies 
(Ref.3 & 4) of the K emission spectra of titanium in a number of compounds 
and in alloys of the Ti-C system. The K absorption spectra of these substances 
are now being studied in our laboratory. However, even more clear cut results 
can apparently be obtained in investigating the fine structure of the Lyyy 
spectra of the transition metal in the corresponding carbide and other com- 
pounds. The most intense lines in the Lyyz spectra must be precisely the ab- 
sorption and emission lines associated with electron transitions to the ex- 
cited levels of d and s symmetry. This makes the Lyyzy absorption edge and 
the corresponding emission spectra of the transition elements with unfilled 
nd shells particularly convenient for investigation of processes associated 
with involvement of the electrons of these atoms in the chemical bonds. Hence 
these spectra should be especially sensitive to changes occurring in the nd 
shells of the metal atoms incident to the formation of the bonds. The pos- 
sibility of investigating the properties of transition elements in compounds 
with reference to their Lyrr absorption spectra has already been illustrated 
in the work of Ref.5. 

The principal aim of the present study was investigation of the fine 
structure of the Lyyzy absorption edge of molybdenum in MogC with a view to 
clarifying certain controversial theoretical questions relating to the char- 
acter of the chemical bonds linking the atoms in this compound. To facilitate 
and enhance the reliability of interpretation of the results we also investi- 
gated under identical conditions the fine structure of the Lyyzy spectra of Mo 
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in four other compounds, namely, (NH4) 2M00,, Mo03, MoS, and MOSo, inasmuch te 
the chemical bonds in these compounds have been investigated fairly thoroughly. 
For the same reason we also investigated the structure of the shortest pis, 
length Lyzyz emission band of Mo Serene line) in the spectra of the carbide 
other molybdenum compounds. 
a oot ae ee eee the Mo atom has a valence of 6 and is located at 
the center of a tetrahedron. In it, according to Kimbal16, there must obtain 
sp3-hybridization. Thus (NH4) M004 is a compound in which there are ten vacan- 
cies in the 4d shell of the Mo atoms, vacancies capable of receiving, under 
favorable conditions, 2p electrons ejected in the process of absorption of x- 
rays. The structure of the Lyyz absorption edge in this case should obviously 
be the most complicated and evince the maximum possibility of absorption of 
x-rays in the region of the spectrum associated with transition of Mo 2p- 
electrons to excited levels of the compound, having primarily d symmetry. The 
two other compounds investigated in this study, namely, Mo0g and MoS5, in 
which the nonmetal atoms form, respectively, a strongly deformed octahedron 
and a triangular prism with d2sp3 and d4sp hybridization about the hexavalent 
and tetravalent molybdenum atom, are examples of compounds with successively 
increasing participation of the 4d electrons of the central atom in the chemi- 
cal bonds. Accordingly, one should expect a regular change in the appearance 
of the fine structure of the Lzyyy absorption edge of Mo in these compounds as 
compared with (NH4)9Mo0,: a decrease in the relative intensity as well as a 
change in the width and appearance of the corresponding regions of the spec- 
trum within the main absorption edge of the element. 


Measurement procedure 


The spectroscopic work was carried out on a type DRUS (1956 model) long- 
wavelength vacuum spectrometer. The analyzer was a quartz slab having a work- 
ing length of 15 mm and bent to a radius of 0.5 meters. The radiation was 
recorded by means of an RM-3 Geiger counter. The preliminary focusing of the 
crystal was carried out in air (photographic recording) by means of a sealed 
x-ray tube; the quality and accuracy of focusing on the Rowland circle was 
checked in the second, third and fourth orders of the Cu KQ] ,2 doublet. The 
line broadening at the focus due to defocusing and the Johansson mounting 
amounted to 0.7 X as compared with the calculated value of ~1 X. Further 
adjustment of the crystal was carried out in the tank of the spectrometer 
also by means of a sealed x-ray tube and was realized by turning the adjust- 
ment screws of the crystal-holder stage and the counter slit. The width of 
the counter slit was 0.05 mm. The final adjustment, determining the resolv- 
ing power of the instrument, was checked by comparing the width of the KQj 2 
lines of copper in the third order with the width of these lines as measured 
on a two-crystal spectrometer. It was found that the width of the KQ] 2 
copper doublet in the third order as measured by means of the DRUS spectro- 
meter exceeded the true width of these lines by 0.7 X. Thus the resolution 
of the instrument for a wavelength of 4600 X was ~7000; the dispersion in 
the investigated region of the spectrum was 15.1 X per dial division; the 
accuracy of reading the dial was 0.01 division. 

The Lyyzz absorption spectra of molybdenum were recorded with a tungsten 
anode with the tube operated at a potential of 5 kv and a current of 15 to 
20 ma. In investigating the emission spectra, the material was applied to 
the surface of a copper anode. The IBo emission bands of molybdenum were 
recorded with the tube operated at 3-3.5 kv and 4 to 5 ma. 
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The tube anode current was stabilized by means of an electronic regu- 
» lator to within +0.5% (with line voltage fluctuation of ~10%). The stabiliz- 
ation of the input voltage to the high voltage transformer and the entire 
supply circuit was realized by means of a ferroresonance regulator. The 
stability of the rectified high voltage was monitored by a S-96 kilovolt- 
meter. In the process of operation the voltage fluctuations at the output 
did not exceed 0.5%. The Geiger counter was operated from a special power 
Supply unit; the rectified voltage (1500 v) was maintained stable within 
+0.5%. The slope of the Geiger counter plateau (200 v) did not exceed 5-7%. 
The pulses from the counter were applied to a B-2 type scaling circuit and 
an integrating circuit with RC = 1 min. The last also served for coarse ad- 
justment of the instrument. 

The intensity of the x-irradiation varied with the operating regime of 
the tube and on the average did not exceed 500 pulses per min. To enhance 
the accuracy of wavelength determination (taking into account the possibility 
of play in the counter displacement mechanism) all the curves were recorded 
with the counter being displaced in the same direction. The possible error 
in wavelength measurement did not exceed 0.5 X (0.3 ev). In recording the 
curves from 3000 to 5000 pulses were counted for each point. In order to 
check the reproducibility of the results we usually recorded several curves 
(3 to 5) which were then averaged; in this case the total number of counts 
per point were not less than 10,000. Thus the statistical uncertainty was 
0.8-1%. 

Under the above described experimental conditions the reproducibility 
of the results was fully satisfactory. To illustrate the reproducibility, 
the points obtained in three series of measurements of the Lyyzy absorption 
spectrum of molybdenum in (NH4) M004 are shown in Fig.1. The averaged results 
are represented by the solid line. The continuous spectrum from the tungsten 
anode is shown in the upper part of the figure (experimental points and aver- 
aged curve). 

In preparing the 
absorber for recording 
the absorption spectra 
of molybdenum, we used 
the procedure of pressing 
the finely powdered speci- 
men material into the 
pores of cigarette paper. 
This procedure is rela- 
tively simple and has a 
number of advantages 
over other procedures 
described in the litera- 
ture: it obviates deter- 
ioration of the material 
absorption spectrum of Mo in (NH 4) oMo0, ; and makes it possible to 


120 121 122 N 


Fig.l. Ly 


De ecinental points for three series of measure- obtain a uniform absorb- 
ments and the averaged curve. Above - continuous ing layer 0.2 to 0.5 p 
spectrum from the tungsten anode. thick. The question of 


choosing the optimum 
thickness of the absorber in recording of absorption spectra containing a 
very intense line in the main absorption edge was analyzed by us in an earlier 
contribution’ with respect to photographic recording. In the presence of a 
background, the conclusions reached in Ref.7 are valid for ionization type 
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recording; consequently, the present 
study was carried out with absorbers 
having a thickness of 0.5 HL. Proof 

of the absence of any changes in the 
specimen inside the spectrograph was 
furnished, on the one hand, by the 
identity of the curves recorded at 

b intervals of several days and, on the 
other hand, by the unaltered appearance 
of the absorber. 

By way of illustration of the 
superiority of the above described 
equipment as compared with that used 
earlier we have juxtaposed in Fig.2 


~ 


1 10 s a a 0 the Lyyzz absorption edge of molyb- 
Fig.2. Comparison of the Lyyz absorp- denum in (NH4) gM004 and MoSg recorded 
tion edges of Mo in MoSg (a) and in the present investigation by means 
(NH4) 9Mo04 (b) obtained in the pres- of a Geiger counter and in the earlier 
ent investigation (1) and in an investigation on a similar spectro- 
earlier investigation using a photo- graph but with photographic recording. 
graphic recording (2). Another purpose of this juxtaposition 


was to determine the degree of cor- 
respondence of the results obtained by different procedures. * 

As may be seen in Fig.2 curves 1 and 2 obtained by different procedures 
are in good qualitative agreement. The positions of the individual fluctua- 
tions within the main edge coincide. Their relative intensities differ, 
however, as might be expected, taking into account the higher resolution of 
the instrument used in the present investigation (curves 1) and the effects? 
due to the influence of photographic recording and the thickness of the absorb- 
er on the structure of the absorption edge. 

As was noted above, in investigating the LB5 emission band of molybdenum 
we used the method of primary excitation. For this part of the investigation 
we chose MoS 9 and Mo9C which we thought would not undergo any appreciable 
changes in the process of electron bombardment on the anode. The criterion 
for the absence of such transformations (aside from no change in the appear- 
ance of the material) was similarity of a number of successive curves recorded 
at intervals. From a comparison of such consecutive curves it was found that 
some 1-1.5 hours after the beginning of recording, material freshly applied 
to the anode did undergo appreciable changes. Thus, from the curves, we have 
reason to assume that the MooC was gradually transformed into metallic molyb- 
denum. In view of this, in averaging we used only the curves obtained for 
freshly applied material not exhibiting any of the above mentioned changes. 

For the thermally less stable compounds (NH4) 9Mo04 and Mo03, we made an attempt 
to obtain the requisite data by the fluorescence method. In view of the low 
intensity of the fluorescence spectra and the strong distorting influence on 
them of reabsorption, however, we have so far not been able to obtain depend- 
able, reproducible results. Hence in the present report we must restrict our 
ge iige to the emission data obtained by the primary method for MoSy and 
oo. 

avai tae Sane nals emedesccues . 


*The energy scale in Figs.1 & 2 of Ref.5 was given incorrectly. The 
correct scale is shown in Fig.2 above. 
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T There are a number of reports in the 
literature (see, for example, Ref.8) that 
a the presence of a bright absorption line in 


the absorption edge leads to strong distor- 

tions in the structure of the last emission 

band recorded at a voltage greatly exceed- 

y ing the excitation potential (due to the so- 
called reabsorption effect). Analogous dis- 
tortions were observed in the present in- 
vestigation. For this reason the lowest 
possible tube voltage was used in recording 
the LBo band of molybdenum. Nevertheless, 

a decrease in intensity going well below 

b the usual background level was observed on 

the short wavelength side of the LB2 band 

of Mo in MooC. An even more curious effect 
was observed in the fine structure of the 

LBg band of molybdenum in MoSg. To illus- 

trate it, the Lyzy absorption spectra and 

the LB2 bands of molybdenum in MoSg and 

MooC are reproduced in Fig.3. Aside from 

the above mentioned anomalous decrease of 

AL the background on the short wavelength side 
of the LB band of Mo in MooC, one is im- 

Fig.3. Lyyzz absorption spectra mediately struck by the exact coincidence of 

and LB» bands of Mo: a) in the wavelengths of the intensity minima in 

MoS2, b) in MosC. the LBg band of Mo in MoS» with the absorp- 

tion peaks in the Lyyy edges of this com- 
pound. This is apparently the same reabsorption effect, but here its dis- 
torting influence is manifested in the fine structure of the emission band 
over its entire extent and leads to the appearance of false fine structure. 

This phenomenon proved possible in this case by virtue of the strong overlap- 

ping of the L89 band and the Lyry edge, overlapping that is so great that the 

LBs band of Mo in MoSy actually lies within the limits of the main edge of the 

metal in this compound. As far as we know an analogous effect was noted only 

once previously2, specifically in the case of the MIv,v absorption spectra and 

MQ and MB emission bands of Br. In view of the fact that Er is a rare earth, 

it may be concluded that this phenomenon is peculiar to the emission and ab- 

sorption spectra of "defective" elements. 


Experimental results and discussion 


Our cop rene ins results pertaining to the Lyyyz absorption spectra of Mo 
in (NH4) 2Mo04, Mo03* , MoOSg and MooC are juxtaposed in Fig.4. The zero of the 
energy scale in the figure is arbitrary; the vertical scale is laid off in 


"units proportional to the absorption coefficient. The curves in the figure 


identified by hatching are the contours of the LB» band of Mo obtained by the 
method of primary excitation. 


*The structure of the Lyyz; absorption spectrum of Mo in MoS3 is virtually 
identical with that observed in Mo03. 
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A feature common to all the absorption | 


spectra of Mo is the presence in them of a 
fe\t group of selective lines located in the 
long wavelength part of the spectrum (ex- 
tending 11-15 ev from the limit of the 
edge) and having intensities appreciably 
greater than the intensity of the rest of 
the edge. These lines appear in the spec- 
trum as a result of transitions (allowed 
by the dipole selection rules) of 2p elec- 
trons of the absorbing atom to excited 
levels of the compound, having primarily d 
symmetry. These levels are characterized, 
as is known, by a relatively small energy 
width and a high density. To the right of 
this line group is the region of the spec- 
trum associated with transitions of the 
same electrons to excited levels of pri- 
marily s symmetry. As might have been ex- 
pected this short wavelength part of the 
spectrum is characterized by an appreciably 
lower intensity than the long wavelength 
group of lines and (except in the case of 
Mo in MoS9), it shows little variation in 
going from one compound to another. These 
compounds differ as regards the valence and 
coordination number of the absorbing aton, 


(NH,),Mo0, 


Fig.4. Lyyy absorption spectra crystal structure and the type of inter- 
and LB» bands of Mo (hatched) in atomic coupling (bonds). 

different compounds: 1) result The behavior of the long wavelength 

of correction of the short wave- group contrasts sharply with that of the 
length edge of the emission band short wavelength section of the spectrum 
to allow for the effective re- mentioned above. In going from one com- 
absorption, 2) approximate reso- pound to another the structure of the spec- 
lution of the emission band into tra in this region changes regularly and 
two components. consistently with changes in the character 


of the bonds and the type of hybridization 
determining the ensemble of electrons participating in the formation of stable 
O-bonds. Let us analyze the changes in the structure of the spectra in more 
detail and see what deductions may be drawn from the analysis. 

l. In going from (NH 4) 9Mo0,4 to MoS, and then to MooC, the valence of Mo 
changes from 6 to 4 and then to 2. In the ammonium compound the 4d band is 
entirely unoccupied. In MoSg there obtains d4sp hybridization and the only 
4d orbit of the Mo atom in this compound not participating in the bonding is 
occupied by two electrons. In bivalent Mo in Mo,C not more than three 4d or- 
bits, which can accommodate six electrons, are free or are capable of parti- . 
cipating in the chemical bonds. Two 4d orbits of Mo in MooC are occupied by 
four electrons. 

These changes in the degree of filling of the 4d bands of Mo in the 
enumerated compounds are reflected in the structure of the Mo absorption 
spectra. Richest in detail is the structure of hexavalent Mo in (NH 4) 9Mo04. 
In addition to the wide triple-peaked absorption band (with minor ftactises 
tions on the long wavelength side), characteristic of all these spectra, the 
spectrum of ammonium molybdate contains two additional absorption Jines siete 


ated on the long wavelength side of the main absorption band. Precisely these © 
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| roe Teeaproxe EoaeS particularly sensitive to changes in valence of the 
n € compounds. The intensity of absorption in this region 

of the spectrum falls off appreciably in going over to tetravalent Mo in MoS 
in the spectrum of which at this position there is observed only one line ots 
appreciably lower intensity; the intensity in this region of the spectrum falls 
off to zero in the spectrum of Mo2C in which the valence of Mo becomes formal- 
ly equal to two. In view of the above, it may be assumed that the appearance 
in the absorption spectrum of Mo in (NH 4) 9Mo0, of the two longest wavelength 
absorption maxima, forming virtually a separate line group, is due to transi- 
tions of 2p electrons of the absorbing atom to the two (of the five) deepest 
lying 4d orbits of the metal in the compound, which, in principle, are capable 
of accomodating four electrons. In (NH4) 9Mo04,, in which the 4d band of Mo is 
entirely vacant, this possibility is wholly realized; in MoS2 the possibility 
is only half realized, while in the carbide - in which the corresponding 4d 
orbits of Mo are occupied by its own electrons - transition of 2p electrons to 
this band becomes impossible. 

The same absorption spectra of Mo in the three compounds, characterized 
by different valences of the molybdenum atom, can, we feel, also be used to 
illustrate the idea that the excited energy levels comprising the 4d band of 
a transition element in the crystal can be naturally divided into two cate- 
gories depending on the degree of influence on them of the fields of their 
neighbors in the compound. One group of levels is formed by excited (hybrid) 
energy states of the electron in the compound, participating in the chemical 
bonds; the other group is made up of "quasi-atomic levels" characterized by 
an appreciably lower energy, levels which in the free state of the atom are 
occupied by its electrons. 

In our case the presence of two such groups of energy levels is manifested 
in the appearance of the long wavelength group of absorption lines (which are 
very narrow and which it may therefore be assumed are relatively free of the 
influence of the crystal lattice field) and one broad (triple-peaked) absorp- 
tion band. 

If with constant valence of the transition element atom, its 4d levels 
are even partially involved in the chemical bonds (hybridized), this leads 
to further perturbation of the corresponding levels, i.e., their further 
broadening, and can result in their losing their "quasi-atomic" character in 
whole or in part. An example illustrating this is the absorption spectrum of 
Mo in MoO3. The structure of this spectrum and the way it differs from the 
spectrum of hexavalent Mo in ammonium molybdate can be qualitatively explained 
if we take into account the fact that d#sp3 hybridization obtains in this com- 
pound. In consequence, the structure in the long wavelength part of the Lyyyrz 
absorption edge of Mo, which is well resolved in (NH4) 9Mo0,, loses its initial 
sharpness and independence (due to the 'quasi-atomic" character of the deeper 
4d levels of Mo in the compound) and in the spectrum of Mo in MoO, almost 
merges with the neighboring triple-peaked absorption band. This leads to the 
appearance of a single absorption band appreciably wider than in the spectrum 
of (NH4) 2M00q4 and to a certain redistribution of the intensity fluctuations 
on the long wavelength side of the band. 

It is significant that participation of the 4d orbital electrons of Mo 
in the formation of hybrid bonds in the compound does not lead to complete 
disappearance of the corresponding lines in the absorption spectra but re- 
sults only in a sharp decrease of their intensity relative to the other parts 
of the spectrum. This is clearly brought out by comparison of the long wave- 
length structure of the absorption spectra of Mo in (NHq)2Mo0,4 and MoOg and, 
particularly, by examination of the absorption spectrum of Mo in MoS9. In 
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the last compound d4sp hybridization is realized and ene greater part of one 
4d levels of the metallic atom participate in the chemical bonding. Yet s 
does not lead to complete disappearance of the long wavelength structure in 
the absorption spectra or even to a radical change one tne structure, but oa 
sults only in a sharp decrease of the relative intensity of this portion o 

the spectrum as compared with the shorter wavelength part Cin contrast to what 
occurs when the corresponding 4d levels of Mo are filled by its own elec- 
trons). In the case of MoS, this is also accompanied by a general reduction 
of the Lyyyz absorption discontinuity as compared with that in the spectrum of 
Mo in all the other investigated compounds. 

Thus involvement of the 4d levels of a transition element atom in hybrid 
ponds results only in a reduction of the probability of electron transitions 
to the corresponding levels, the decrease in probability being the greater, 
the greater the participation of these levels in the chemical bonds. 

2. For the purpose of independent verification of the conclusions drawn 
from our analysis of the x-ray absorption spectra of Mo in the above-named 
compounds, we also investigated the structure of the shortest wavelength Lit 
emission bands of Mo, namely, the L@g lines. The contours of these lines are 
indicated in Fig.4 by hatching of the area under them. In the case of MogC, 
in addition to the experimental LB9 line contour, we show by means of the dash 
line the short wavelength portion of this emission line after correction of 
the influence of reabsorption on its shape. No such correction for the short 
wavelength side of the emission line of Mo in MoS» was made since apparently 
due to the general weakening of the absorption discontinuity in this compound, 
the distorting influence of reabsorption here proved to be less appreciable. 

As will be evident from Fig.4, the emission bands of Mo in MoSg and Mo9gC 
differ from each other both as regards intensity distribution within the bands 
and as regards their overall width. In this case, too, the considerations set 
forth above regarding the character of the 4d state of Mo in the investigated 
compounds allow of interpreting the structure of these emission bands and lead 
to conclusions that are in good agreement with the deductions drawn from analy- 


sis of the absorption spectrum. By analogy with the absorption spectra, of Mo 


in these compounds, the L895 emission bands can also be thought of as consist-. 


ing of two parts: 1) a short wavelength wide band (section ab in Fig.4), remi- 


niscent, as regards shape, of the wide absorption peak in the LIII spectra of 
Mo in MoSy and MoogC, and 2) a group of narrow emission bands (one in the case 
of MoSg and two in the case of MogC) forming the long wavelength portion of 
the LBo line. The section ab in the emission band can be associated with elec- 
tron transitions from the hybridized orbits of Mo in MoSp and MooC. As for 
the longer wavelength narrow peak within the emission band of Mo in MoS» and 
the two similar narrow maxima in the spectrum of MooC, they can be interpreted 
(in complete accord with the data on the absorption spectra) as "quasi-atomic" 
emission lines appearing incident to the transition of two 4d electrons of Mo 
in MoSg and of four 4d electrons of Mo in MooC to the 2p levels of Mo vacated 
in the process of absorption of the x-rays. These narrow peaks are the mani- 
festation in emission of the same two lowest energy levels within the 4d band 
of the transition element in compounds, whose degree of filling in different 
compounds we were able to follow earlier by the decrease in intensity of the 
corresponding selective lines in the absorption spectra of Mo. 

A further argument in favor of the above interpretation of the structure 
of the LB2 bands of Mo in MoSg and MooC is that it allows of understanding 
the fact (strange at first glance) of appreciable overlapping of the emission 
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bands and absorption spectra of Mo in these compounds.* To this end we need 


' only assume that the excited "quasi-atomic" 4d levels of Mo in the compounds 


can possess an appreciably lower energy than the corresponding excited hybrid- 
ized states and that the value of this energy can be comparable with the energy 
of the hybridized levels of the compound occupied by electrons. From this 
viewpoint, we can readily understand such characteristic features of the phenom- 
enon as the approximately similar shape of the main absorption edge and the 
emission band,** the fact that this phenomenon is peculiar to the soft x-ray 
spectra of the L and M series and the fact that this phenomenon has so far been 
observed only (and probably can be observed only) in the spectra of transition 
elements. 

3. On the basis of the above analysis of the x-ray spectra of Mo in the 
carbide and the other investigated molybdenum compounds. and our interpretation 
of the present data, we can evaluate the plausibility of the theoretical con- 
cepts advanced in the past by different authors regarding the nature of the 


- chemical bonds between the atoms in MooC and the degree of participation of 


the 4d levels of the transition metal in the carbide bonding. From a compari- 
son of the absorption data it may be asserted that the appearance in the 4d 
shell of Mo in the investigated compounds of two (in MoS») or four (in MogC) 
electrons leads, as might have been expected, to gradual weakening of the two 
longest wavelength peaks observed in the absorption spectrum of Mo in 
(NH4) 2M004 in which these levels are vacant. 

A similar process is evident in the variation of the structure of the 
LB5 emission band of the metal in these compounds. If, as is assumed in cer- 


tain theories, in the process of formation of the chemical bonds between the 


metal and the nonmetal in MooC the carbon electrons were even partially util- 
ized for screening the charge of the Mo atom and went to fill its incomplete 
4d band, this would inevitably lead to further weakening of the intensity of 
the long wavelength part of the Lyyy absorption edge of Mo in the carbide. 
This effect was not observed in the experimental spectrum. On the contrary, 
the width and the relative intensity of the corresponding groups of lines in 
the Lyyz absorption edge of Mo in the carbide and in the other investigated 
compounds proved to be nearly the same. As for the small differences in the 
relative intensity of the individual variations of the absorption coefficients 
within the limits of the group of lines in question, it must be noted that 
they are observed only in the short wavelength part of the LIII spectra and 
cannot be due to filling of the 4d levels of Mo in the carbide by carbon 
electrons. On the other hand, the great width of the emission band and the 
very appreciably overlapping of the short wavelength part of the emission 
band and the long wavelength section of the absorption spectrum of Mo in MogC 
can be regarded as arguments in favor of the assumption of partial hybridiza- 
tion of the bonds in this compound and participation in them of the 4d levels 
of the Mo aton. 

*It will be obvious that we are not speaking here of the partial over- 
lapping of the emission lines and absorption edges, connected with the finite 
width of the Lyyy energy levels in the aton. 


**kWe note the similarity of the effect in question with the law of mirror 
symmetry of absorption and emission spectra established by Lah ly in investi- 
gating the luminescence of certain classes of organic molecules. 1 
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Conclusions 


1. The Lzyy absorption spectra and 162 emission bands of Mo in molybdenum ~ 
carbide and other molybdenum compounds have been investigated by means of a 
focusing vacuum x-ray spectrograph. The investigation brought out the influ- 
ence of the valence of the metal atoms and the character of the chemical bonds 
between the atoms in the compounds on the fine structure of these spectra. 

2. For the instance of the x-ray spectra of Mo in MoSg we have shown the 
possibility of appreciable overlapping of the LBg emission band and the LyyT 
absorption spectrum of the metal. Hitherto a similar effect has been observed 
only once in investigating the MIv,Vv absorption spectra and Mg and emission 
bands of Er. We suggest the possible reasons for the effect and outline the 
conditions necessary for its appearance. 

3. The experimental data obtained for MogC cannot be reconciled with the 
hypothesis advanced by a number of authors, according to which formation of 
the carbides of transition elements involves partial filling of the nd energy 
levels of the metal atoms. The degree to which this conclusion is generally 
applicable can only be decided on the basis of further extensive experimental 
investigation of the Mo-C system and the carbides of other transition elements. 


Institute of Mineralogy, Geochemistry and Crystallochemistry of Rare Elements 
and "V.I.Vernadskii" Institute of Geochemistry and Analytical Chemistry, 
Academy of Sciences of the USSR 
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INFLUENCE OF THERMAL VIBRATIONS OF ATOMS ON THE ELECTRON ENERGY DISTRIBUTION 
IN METALS AND ALLOYS 
- I.B.Borovskii & G.N.Ronami 


Through investigation of frequency variation of the intensity /(w) in 
their x-ray emission and absorption spectra one can determine so important a 
characteristic of solids as the energy distribution of electron states M(w). 
The relationship between J(w), N(w) and the frequency dependence of the trans- 
ition probability /(w) is given by the following expression: 1 


I (o) = antes — \G{(Sex) [| peddeds]"| ated, = AN (0) f (0). 


Numerical evaluation of N(w) and /(w) is feasible only in the rough ap- 
proximations of entirely free or strongly bound electrons at absolute zero; 
the results of such computations have been discussed by a number of authors2,3, 

Attempts have been made to evaluate the influence of atomic vibrations 
with changes in temperature in solids on the so-called fine structure of ab- 
sorption spectra on the short wavelength side of the main absorption edge4 
and on the structure of the emission bands in the ultralong wavelength region 
of the x-ray spectrum9;6, 

In the work of Bethe & Sommerfeld? and Kostarev® the interaction of an 
electron, ejected in the process of absorption from an atom in the crystal 
lattice, with the phonon field of the lattice is treated as a small perturba- 
tion. A consequence of this theoretical treatment was prediction of the ef- 
fect of disappearance ("melting") of the fine structure of the absorption spec- 
tra on the short wavelength side of the main edge with increasing temperature 
(increase in the amplitude of the atomic vibrations). Thus for copper Kosta- 
rev” evaluated the temperature of "melting" of the fine structure as 800°; 
which is in agreement with the experimental data. 

The purpose of our investigation was to check the conclusions drawn in 
earlier theoretical and experimental studies4,6 inasmuch as for physical rea- 
sons it appeared clear that vibrations of atoms in the crystal lattices of 
metals and alloys, the amplitudes of which attain values equal to 15-20% of 
the interatomic distances at high temperatures (i.e., near the fusion point 
of the metal), should influence not only scattering processes and, consequent- 
ly, should not be treated as a small perturbation. 

Of particular interest to us was determining the influence of "small" ad- 
mixtures (impurities) on the process of "melting" of the fine structure of 
absorption spectra in connection with the recently developed concepts’ regard- 
ing the formation in dilute solid solution of "atomic blocks" with decreased 
mobility of the atoms entering into the sphere of influence of these blocks. 

The Lyyzz absorption spectra of lead in the form of the pure metal and in 
alloys of lead with tin, containing 0.2, 0.5, 2, and 10% Sn were investigated 
on a bent crystal spectrograph by the transmission method. The linear disper- 
sion was 4 X mn~1 ; the tube was operated at 21.5 kv and 20 ma; the exposure 
times were 5 to 12 hours. 

The structure of the alloys was determined from x-ray diffraction pat- 
terns which showed that all the alloys were solid solutions (the Pb alloy with 
10% Sn was obtained by quenching from 2009). The absorption spectra were re- 
corded at 4-5 temperatures in the temperature range from -190 to +3002.) VAL2 : 
the spectra were photographed using a special vacuum camera (pressure - 1.107 
mm Hg). We checked for the absence of oxidation at elevated temperatures by 
rephotographing the spectra of the same specimen at room temperature following 
the high temperature exposures. For supplementary control purposes we also re- 
corded the Lyyy absorption spectra of lead in PbO and PbO. 
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Energy values (ev) of the principal Lyyzz edge and the maxima and minima 
in the fine structure of the absorption spectrum of lead 


Pee ee ee ee 
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13026 13066 73106 eV 13026 13066 3100 eV 13026 13066 13106 eV 
W046 13066 13126 13046 (3086 13126 13046 13066 13126 


Fig.1. Lyyy absorption spectra of lead 


in the form of metallic lead (a), 
in the Pb alloy with 10% sn (b) and i 


n the oxides PbO and PbO2 (c). 


13026 13066 13106 eV 13026 = 13066 13106 ey 13926 13066 
13046 13086 13128 13046 13086 15106 13046 


13106 eV 
19086 15106 


Fig.2. Lyyz absorption spectra of lead in Pb alloys with 0.2% Sn (a), 
0.5% Sn (b) and 2% Sn (c). 


The absorption spectra as given by the averaged photometric curves (each 
curve was the average for 4-5 spectrograms) are shown in Figs.1 & 2. The wave- 
lengths (in ev) of the characteristic points of the Lyrrz absorption spectra of 


lead in the metal and the investigated alloys are given in the accompanying 
table. 
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results leads to the following conclusions. 
of "melting'’ of the fine structure on the 
short wavelength side of the main absorption edge with increasing temperature 
of the metal, there also occurs a change in the structure of che absorption 
edge itself. Consequently, changes in the frequency and amplitude of the atom- 
ic vibrations influence not only scattering processes (small perturbation) but 
also affect the entire energy spectrum of the crystal lattice of the metal) 

2. The intensity of the "melting" of the fine structure of the absorption 
spectrum and the extent of the changes in the main absorption edge of lead in 
alloys with tin with increasing temperature depend strongly on the content of 
the alloying element (Sn). Thus whereas in the case of pure metallic lead 
and its alloy with 10% Sn the entire structure of the absorption spectrum dis- 
appears entirely at a temperature under 200°, for alloys with 0.2 to 0.5% Sn 
the structure of the main absorption edge persists up to 300° (i.e., to within 
less than 27° of the melting point). Hence the presence of small amounts of 
impurities (to 1%) appreciably changes the variation of the frequency and ampli- 
tude of atomic vibrations with increasing temperature as compared with the pure 
metal. Consequently, the presence of impurities in the metal affects both 
_ scattering processes (for example, the well-known impurity dependences of the 
residual resistance at low temperatures, the specific heat, etc.) and the en- 
tire energy spectrum of the alloy. 

On the basis of a very rough evaluation of the influence of the amplitude 
of atomic vibrations at a given temperature on the distortion of the inter- 
action potential between the atoms in the pure metal, it may be asserted that 
this distortion may be the reason for "diffusion" of the levels at the Fermi 
brim, which leads to disappearance of the structure of the main absorption edge: 

The monotonically decreasing influence of impurities with increasing im- 
purity content can be explained in the framework of the theory of “atomic 
blocks". 7 

More detailed conclusions require more extensive analysis of the various 
factors involved and hence will be given in the following report. 


Analysis of the experimental 
1. In addition to the effect 
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X-RAY SPECTROSCOPIC INVESTIGATION OF SOLID SOLUT IONS 
- I.B.Borovskii, K.P.Gurov, S.A.Ditsman, V.A.Batyrev, 
& N.D.Lobanova 


Fundamental investigation of the atomic-electronic structure of alloys 
is possible only through comprehensive application of different methods of 
studying the properties of alloys (x-ray spectroscopic, x-ray diffraction, 
diffusion, optical, magnetic, electric, thermophysical, etc.). Among these 
methods the x-ray spectroscopic one is important for investigation of the 
electron structure of metals and alloys. Its importance stems from the fact 
that there is a direct dependence between the distribution in frequency of the 
x-radiation intensity and the density of electron states. Hence the x-ray 
spectroscopic method can serve as a sensitive indicator of variation of the 
electron structure of alloys as a function of their composition, temperature 
and other factors. 

The present study was devoted to investigation of the variation of the 
distribution in energy of the electron states in continuous series of binary 
solid solution alloys of the transition elements as typified by the Cr-Mo 
system. An additional specific aim of the study was to determine the influ- 
ence of relatively small concentrations of one of the components on the elec- 
tronic energy spectrum of the atoms of the other, basic component. 

Our particular interest in "dilute" solid solutions (as we shall herein- 
after refer to solid solutions with a small content of one of the components) 
is connected with the fact that particularly pure metals exhibit physical 
properties that differ sharply from the properties exhibited by the same metal 
with a small amount of impurity. Outstanding illustrations of the influence 
of small amounts of impurities on the properties of a metal are furnished by 
Ti, Cr and Mo. We are all familiar with the great influence of small additions 
of alloying elements on different physical properties of alloys. Finally, in 
developing a modern theory of alloys one should, in principle, start with an 
examination of infinitely diluted solid solutions. Hence it was logical to be- 
gin our investigation with a study of the x-ray spectra of samples of metallic 
chromium of different degrees of purity. For the purposes of this investiga- 
tion we chose chromium obtained by the iodide method* (the greatest impurities 
in it are nitrogen and oxygen), electrolytic chromium prepared in the TsNIICh- 
ERMET having a purity of 99.90-99.85% and commercial chromium prepared by the 
hydride procedure and having a purity of 99.5%. 

In addition, owing to the fact that there are no sufficiently reliable 
data in the literature on the x-ray spectra of molybdenum, we deemed it de- 
sirable to investigate pure metallic molybdenum as well. 

From our point of view the most complete data on the character of the 
changes of the electron energy spectrum of alloys or chemical compounds can 
be obtained only by investigating the changes in the structure of the lines 
and absorption edges of all the components of the given alloy or compound in 
all the attainable regions of the x-ray spectrum. Hence in investigating Cr, 
Mo and Cr-Mo alloys we recorded the following emission lines: the KQ) 2 
(K—~Lyy rrr transition) and KB, (K—Myy rz transition) lines of Cr and the 
KBs (K—Myy,y transition) , Loy 2 (Lyzy—Mv,v transition) and 161 (Lyj—Myy vy 
transition) lines of Mo. These lines are associated with transitions between 

*We take this opportunity to thank N.V.Ageev and V.A.Trapeznikov for 
making available the high-purity chromium specimens. 
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Mf deep atomic levels. In addition, we investigated 
the KB, (K~M]v,v transition) line of chromium and 
the L862 (LyyI—Niv,Vv transition) line of molybdenum, » 
which are associated with transitions from the 3d 
and 4d shells of chromium and molybdenum to the in- 
ner 1s and 2p levels. Further, we also investigated 
the K and Lyyy absorption spectra of chromium and 
molybdenum which are associated, respectively, with 
electron transitions from the ls and 2p levels to 
the conduction band and also to the 3d and 4d shells. 
The Cr-Mo alloys with up to 35% Mo were melted 
in an induction furnace under vacuum. These alloys 
were made with the electrolytic chromium. Alloys 
containing 0.5 to 22% of the commercial hydride pro- 
cess chromium were melted in an arc furnace in an 
atmosphere of argon. Thus there were prepared alloys 
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ci he containing the following percentages of Mo by weight: 
Fig.1. Microhardness of O.1,) 0.14, 0.6,:.0.8,5 1.17 »))..930:2. 64 G8 Secor 
Cr-Mo alloys.! 80, 94, 97, 99, 99.4 and 100%. The alloys containing; 


up to 35% Mo were subjected to a homogenizing anneal 
at 1200° for 24 hours; the alloys with 0.5 to 22% Cr were annealed for-12 hours' 
at 1400°. The solid solutions of the alloys were "fixed" by quenching in ice 
water after holding for 2 hours at 1200°. 

Metallographic analysis of microsections of the prepared alloys etched 
for 30-40 sec electrolytically (25 ma current) in a 10% solution of oxalic 
acid showed that all the alloys were single phase solid solutions. 

Investigation of the microhardness as a function of the chromium concen- 
tration showed that the microhardness varied in accord with the established 
regularity for variation of the hardness in continuous series of solid solu- 
tions. The position of the maximum in the hardness curve was consistent with 
the data of Kessler & Hansenl (Fig.1). 

The K spectra of chromium were investigated by the primary excitation 
method on a spectrograph employing Johann focusing (R = 500 mm) in the second 
order of reflection from the (1010) plane of the quartz crystal. As reference 
lines we used the KQ) line of Fe and the Kaj line of Mn in the second order. 
To avoid oxidation of the specimen during recording of the emission spectra 
the tube was operated at reduced power (1-2 ma at 25 kv). Metallographic ex- 
aminations of microsections of chromium mounted on the anode of the x-ray tube 


Table 1 
Positions of the Kp), KBs lines and the K absorption edge in the spectra 
of the iodide, electrolytic and hydride chromium specimens 


Ke, Kg, K-edge 
Grade | | ° a : eeyineins 
chromium x ev xX evicy Saattqiit! Sewiehietyc 
! I q \ 

Iodide 2080 44 5946,1 | 2066,45 | 5986,3 | 2065,76 | 5988.3 | 4.30 
| 40,04 ] +047 +0.03| 40:91 '-£0'0s 0,03} -+-0,06 

Electrolytic pies 5945,5 | 2066,59 | 5986,0 | 2066,03 5387 5 + h 
+0,05} +04 | 40:03] +031 | +006 0,2 0,06 
Hydride 2080,79 | 5945,0 | 2066,73 | 598535 | 20664 5887°5 130 
+0,041 +01 | 40,051 +014 | +4074 +0,14 | 440,04 


ea 
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Fig.2. K absorption edge of 
Cr. Curve obtained for the 
iodide chromium; similar 
curves were obtained for 
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showed no sign of changes in structure of the 
surface or traces of oxidation after being sub- 
jected to the influence of the electron beam, 

The absorption spectra of chromium were 
investigated with an absorber thickness of 4-5 
mg/cm2, using a tungsten anode with the tube 
operated at 25 kv and 30 ma; the exposure times 
were 0.25 to 1 hour. The wavelength data on 
the KB) and K§5 lines and the K absorption edge 
of the different grades of chromium are shown 
in Table 1; the indicated values are averages 
for 8-10 spectra. 

The variation of the absorption coefficient 
in the region of the K absorption edge of the 
iodide chromium is shown in Fig.2 (the variations 
of the absorption coefficients of the electroly- 
tic and hydride chromiums were analogous). 

The L emission and absorption spectra of 
molybdenum were investigated on the above men- 
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the other specimens. 


Points Metallic Mo 
yi 2519,3+0,1 
B 2522,8+0,1 
G — 


Fig.3. Lyyzzy absorption 
edge of Mo for metallic 
molybdenum and in MoSg 
and MoO... 


tioned spectrograph in the first order. The 
purity of the molybdenum was 99.1%. 

The following 
reference lines were 
used: for the Mo emis- 
sion Lay ,2 doublet - 
the Ti Kd, (second 
order) and S Kaj (first 
order) lines; for Mo 


LB, and [Bog - the Ba 


Table 2 
Positions of characteristic points of the 
Lyjr absorption edge of molybdenum 


MoO, Mos, 


2521-3 FU 2520,1 +0,4 LB; and LBg lines; for 
2529,0 + 0,1 2923,6 + 0,14 the Lyyyz absorption of 
ey eee es 


molybdenum - the V 
KQ] ,2 (second order) 
and Cl Ka (first order) 
lines. The tube was 
operated at 15 kv and 

5 ma in recording the emission spectra and at 5.5 kv 
and 30 ma in recording the absorption spectra. The 
variation of the absorption coefficient in the region 
of the Lyjy absorption edge of Mo in the form of 
metallic molybdenum and in MoSg and MoO3 is shown 

in Fig.3. The positions of the characteristic points 
of the absorption edge in the energy scale are listed 
in Table 2. 

In investigating the enumerated alloys of the 
Cr-Mo system, the spectra of chromium and molybdenum 
in the alloys were obtained under the same experi- 
mental conditions as used in investigating the spec- 
tra of pure chromium and molybdenum, respectively. 
Specifically, we investigated the KB), KBs and KQ, 2 
lines and the KB' satellite in the emission spectrum 
and the K absorption edge of chromium and the LO] ,2> 
181, LBg, KB, and KBg emission lines and the Lyyy 
absorption edge of molybdenum. The data on the wave- 
lengths of the emission lines peaks and the absorption 
edges have been given in Ref.2. The shape of the Cr 
KB' satellite for pure chromium and some of the alloys 
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Fig.4. Shape of the Cr Kp' 
satellite in the spectra of 
pure chromium and Cr-Mo al- 
loys: 1) 97% Mo, 2) 94% Mo, 
3) 80% Mo, 4) 30% Mo. 
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Fig.5. Shape of the Mo Lo 
line as a function of the 
tube voltage: 1) 3.6 kv, 
2) 5 kv, 3) 5.2 kv, 4) 10 
kv, 5) 30 kv. 
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is shown in Fig.4. The variation with wave- 
length of the absorption coefficient near the 
K and LyyyT absorption edges of chromium and 
molybdenum in the alloys is similar to the 
variation in the spectra of pure chromium and 
molybdenum (Figs.2 & 3). 

The positions of the KB, and KBg emission 
lines of molybdenum in the alloys remain the 
same within the limits of the experimental er- 
ror. 

We carried out a special series of experi- 
ments with a view to determining the influence 
of the conditions of excitation on the princi- 
pal parameters of the Cr KB5 and Mo Kfo9 lines 
and the effect of superficial density of the 
absorber on the Lyzz spectrum of molybdenun. 

The variation of the shape of the Mo IBo 
line as a function of the tube potential (Fig. 
5) shows that the short wavelength edge of 
this line is distorted by reabsorption of the 
radiation in the material of the anode at 
voltages above 3.6 kv. An analogous distor- 
tion is obtained in the case of the short wave-. 
length part of the Cr KBs line. The data on 
the tube potential dependence of the index of 
asymmetry and the width of the Cr KBs and Mo 
LBg lines are listed in Tables 3 & 4. 

In light of the facts established in our 
investigations, it is clear that one must ap- 
proach the data in the literature on changes 
in the shape of the last emission line, such 
as Cr KBs and Mo L689, with due caution. In 
order to avoid erroneous interpretation of dis-- 
placements of the center of the short wave- 
length part of such lines as being due to dif- 
ferences in number of filled electron states 
in different chemical compounds and alloys, one: 
must in each specific case take into account 
the changes in the position and structure of 
the corresponding absorption edge. 

Investigation of the variation of the 
character of the Lyyy absorption edge of molyb-- 
denum as a function of the density of the ab- 
sorber showed the following. Use of the usual 
superficial density of 2-4 mg/cm? leads to ap-_ 
preciable distortion of the shape of the LIIr 
absorption edge and to complete disappearance 
of the selective absorption line (Fig.6). Use 
in the present work of absorbers with a dens- 


ity of the order of 1 mg/cm2 (preparation of such absorbers in the case of 
substances with a high volume density such as Mo and MOS» presents appreci- 
able difficulties) made it possible to obtain the true wavelength variation 
of the absorption coefficient in the region of the Lyyzz absorption edge (see 
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ees: ; Table 3 
ariation of the asymmetry index of the Cr KBs line with tube voltage 


ees 
Tube voltage, kv | 7 | 8 | 9 | 40 | 30 


Asymmetry index 1,8 1,7 2 24 
Cr KBs line 


io Table 4 
Variation of the shape of the Mo LBo line with tube voltage 


Tube voltage, 
kv 


cee 


Asymmetr 
athe Mo LB 4 12 2 12 1,0 1,6 


Width of Mo LB, 6 5,9 5,3 0,3 0,4 4,9 
line, ev 


ae Fig.3); the actual variation differed signifi- 
cantly from the data on coefficient in the 
literature3. 

Analysis and examination of the results 
of our investigations lead to the following 
conclusions. 

1. There were observed definite differ- 
ences in the parameters of the Ka), KB, and 
KB5 lines in the emission x-ray spectrum of 

2 the three samples of metallic chromium having 

different degrees of purity. The first two 

1 lines (Ka, & KB,) are due to transitions be- 
tween deep atomic levels: K—Lyyz (1s—2p) and 
K—My1,111(1s—3p) , respectively; the KBs line 
is associated with electron transitions from 
the 3d band, overlapping with the conduction 
band, to the inner K level (ls). 

With decreasing impurity content in the 
chromium (i.e., in going from the Cr refined 
by the hydride procedure to that refined by 
Fig.6. Lyyzy absorption spec- the iodide method) the KB, and KBs lines are 
tra of Mo obtained with ab- displaced to the side of shorter wavelengths. 
sorbers of different thick- At the same time the asymmetry index of the 
ness: 1) 3 mg/cm2 and 2) 1 KO, line changes appreciably. The position 
mg/cm2. and shape of the K absorption edge, however, 

remain virtually unaltered. 

2. For the purpose of characterizing the behavior of the electron energy 
spectrum in going from pure metals to alloys one can conveniently use the 
change in the absolute value of the level energies in Cr and Mo in Cr-Mo al- 
loys relative to the energies of the corresponding levels in pure Cr and Mo. 
For the purposes of our comparitive evaluation we assumed that the energy of 
the K level (1s) is the same for the atoms in both the pure metal and alloy. 
On the basis of this assumption it is found that the energy of the My7 111 
level of Cr increases in going from electrolytic Cr to alloys containing from 
0.14 to 1% Mn and then remains constant up to an Mo content of 31%. An analo- 
gous energy increase is observed for the MIv,v level of chromium, except that 


a ny 10 15 46 eV 


= ood. — 


t in the region of small impurity contents 


, : noticeable shif : 
in this case ete nstant up to an Mo concentration of 


the energy value of this level remains co 
.5%. With further increase in Mo concen 
aie rises, going to a maximum value in the alloy with 80% Mo. 

Turning to the behavior of the Myy vy and Nry.yv levels of molybdenum, we 
find that with a low concentration (up to 1%) of ér in the alloy the energy of 
the Miv,v and Nyy y levels increases, relative to the energy value in pure Mo. 
Further increase in Cr concentration reduces the absolute value of the energies 
of the Myy y and Nyy y levels. More specifically, the MIv,Vv levels show little 
energy variation in the range of low Cr concentrations but do exhibs ts. tend- 
ency to decrease in energy in alloys with a high Cr concentration, while the 
Niv,v levels are characterized by an appreciable decrease in energy even in 
the 20-70% Cr concentration range. 

The virtually constant value of the asymmetry index of the Cr Kq] line 
in all the investigated alloys (except the alloy with 0.07% Mo) can be taken, 
in our opinion, as experimental substantiation of the above assumption that 
the energy of the K level in Cr atoms remains constant in all the alloys and 
equal to the value in the pure metal. 

Further, it may be noted that in a series of alloys with increasing Mo 
content the shape of the Cr KB' satellite changes substantially and at high 
concentrations of Mo is characterized by an intensity distribution virtually 
identical with that observed for the KB' satellite of Mn (the atomic number 
of this element is one greater than that of Cr). 

The above described behavior of the electron energy levels can be ex- 
plained as follows. An increase in the absolute value of the level energy is 
connected primarily with increase in the effective charge of the nucleus, 
which can occur, for example, due to loss of part of the 3d electrons as a 
result of spatial redistribution of the electrons under the influence of 
changes in the concentration of the second component of the solid solution. 
Thus any increase in the absolute value in the energy of the atomic levels 
is evidence that the atom has acquired an additional positive charge as com- 
pared with its charge in the pure metal, and, vice versa,a decrease in the ab- 
solute level energy value is an indication of a decrease in the effective 
charge of the nucleus. 

Analysis of the experimental data from this viewpoint leads us to infer 
that in Cr-Mo alloys, Mo as an impurity has an excess negative charge, while 
the chromium as the host material has a positive charge; the change in charge 
does not, however, affect the shape of the Cr KBs5 and Mo KBg lines inasmuch 
as in the average (per atom) the change in charge is small. 

In alloys with a small Cr content, the Cr as the impurity also has a 
certain excess negative charge. 

In alloys in the range of Mo concentrations from 1 to 30%, chromium has 
an excess positive charge and the molybdenum an excess negative charge. 


* * 
* 


The established facts - the noted influence of impurities on the electron 
energy distribution in the atoms of the element constituting the base of the 
alloy and the resultant deformation of almost all the electron levels of the 
atom, including the deepest lying ones - have led us to formulate certain new 
concepts in the theory of dilute solid solutions based on elements of the 
transition groups (elements with incomplete (n - 1)d and (n - 1)f shells. 

__ As we have noted in earlier publications4,5, small concentrations of sub- 
stitutional impurities exert a strong influence on the properties of the base 


tration the energy of the Myy,y level 
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metal and, in particular, on its electron energy spectrum. The experimental 
data cited above allow of elaborating our original theoretical concepts. Ac- 
cording to these concepts®, the most important effect of impurities in trans- 
ition metals is the formation of "atomic blocks" having dimensions of the 
order of 10-7 cm and characterized by an enhanced strength of the interatomic 
bonds. In the present report, we are interested not so much in the magnitude 
of this additional interatomic coupling but in the character of the changes 

in the electron spectrum. These changes are the primary cause of formation of 
these stronger bonds. 

Fundamental in our theoretical treatment is the model for an infinitely 
diluted solid solution ("one impurity in a metal"). 

Let the charge of the atomic kernels of the base metal be +Ze, where e is 
the absolute value of the electron charge; consequently, Z is the number of 
electrons surrendered by each atom into the common conduction zone. On the 
basis of the experimental data obtained in our x-ray spectroscopic investiga- 
tion, it may be concluded that the metallic impurity atom entering into the 
base metal lattice loses its weakly bound valence electrons, i.e., gives them 
up into the conduction band of the electron spectrum of the base metal. MThere- 
by the impurity atom acquires a certain positive charge. 

If, however, the impurity is a transition element having an incomplete 
inner electron shell, the situation as regards determination of the charge of 
the impurity becomes complicated in view of the fact that there may occur 
either a loss or acquisition of electrons by the incomplete shell of the in- 
purity atoms with a corresponding change in the "usual" charge, depending on 
the relative positions of the electron energy spectrum of the base metal and 
the electron spectrum of the unfilled shell of the impurity. 7 Thus the charge 
of the impurity may prove to be either greater or smaller than the charge of 
the atomic kernels of the base metal. 

It is most convenient to approach the question of the degree of the per- 
turbing effect of a substitutional impurity on the electron spectrum of the 
base metal on the assumption that in the pure metal there is the same charge 
at all lattice sites, the charge giving rise to the ideal periodic potential 
of the lattice characterized by the normal unperturbed spectrum of the base 
metal. At a site where an impurity atom is ledged, in addition to the normal 
charge, there will be an additional "excess charge" perturbing the electron 
spectrum. Thus the problem reduces to determining the perturbing influence 
of the excess charge on the known unperturbed spectrum of the pure base metal. 
The excess charge is defined as the difference between the true charge of the 
impurity and the true charge of the atomic kernel of the base metal. Obvious- 
ly, the excess charge can be either positive or negative. 

The excess charge is screened by the conduction electrons (and partially 
by the electrons of the unfilled shells). This screening gives rise to a 
change in the spatial density of the electrons: closer packing of the electrons 
in the vicinity of impurity atoms with a positive excess charge and a reduc- 
tion in density about impurity atoms with a negative excess charge. From the 
energy standpoint this amounts to local variations in the density of the 
quasi-levels in the conduction band. In the case of such local deformation 
of the conduction band there occurs a displacement of all the EEE UE 
comprising the conduction band. In the case of local “crowding of the quasi- 
levels, part of the unoccupied levels lying above the Fermi level will be dis- 
placed downward to below the Fermi level; analogously, in the case of thin- 
ning out” of the quasi-levels, part of the occupied levels in the given local 
region will be displaced upward from under the Fermi level to above it. In 
both cases there will occur a spatial redistribution of the electrons for 
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equalization of their energy with reference to the Fermi level. Asa bir 
we obtain the above mentioned screening of the excess charge of the impurity. 
Outside this screening region the influence of the impurity is virtually 
negligible. The region of screening is limited to the more or less immediate 
neighborhood of the impurity atom. Thus the perturbing potential proves to 
be a short-range one. The shape and magnitude of the deformation of the elec- 
tron spectrum is determined primarily by the form of this potential. As both 
theoretical and experimental investigations? ,8-10 show the perturbing potenti- 
al in the case of an infinitely diluted solid solution can be satisfactorily 


approximated by 
W (r) = “Sena, | (1) 


where 7 is the distance from the impurity, Z’e is the excess charge (which may 
be positive or negative) of the impurity, and 7 isa parameter depending in 
general on Z’ and determining the effective radius Ror of action of the in- 
purity. In the case of finite impurity concentrations the form of the poten- 
tial is, of course,more complicated. If, however, the impurity concentration 
is such that between the impurity particles there is only statistical correla- 
tion as regards uniformity of distribution but no direct interaction (1.es54 
if the distance between impurities is greater than their effective radius of 
action) one can use Eq.(1) for the perturbing potential for rough qualitative 
evaluation of different characteristics. The range of concentrations wherein 
this approximation is allowable can be determined empirically, for example, 
from the experimental data on the dependence of the self-diffusion coefficient 
of the base metal element on the impurity concentration (see Ref.11). 

Mathematical evaluations of the results of the influence of impurities 
can at present be carried out in the so-called "rigid band" approximation in 
which it is assumed that all quasi-levels of the electron spectrum bands of 
the base metal at a given spatial point are displaced under the influence of 
the impurity by the same amount, determined simply by the potential energy of 
the perturbing influence of the impurity on an electron located at the given 
point (or more accurately at the given atomic kernel). 

If we denote the magnitude of the displacement through AE, then in the 
given approximation (see Refs.1 & 6): 


AE = — eW(r) (2) 


for any level (with any value of E°, the energy of the level in the absence 
of perturbation). 

This formula cannot, however, be deduced in the framework of the general 
perturbation theory. In connection with this it is important to analyze the 
character of the assumptions recently made in utilizing this approximation 
even in cases when it was not assumed that | eW(r) | is small compared with the 
Fermi level energy.2 

Our theoretical analysis? showed that the rigid band approximation is 
obtained only in the case when the periodic part of the Bloch functions can 
be approximated by means of atomic functions subject to very rigorous local- 
ization conditions. Consequently, this approximation is more suitable for 
inner rather than for outer electrons, as is also obvious from physical con- 
siderations. A certain degree of applicability of the approximation to deep 
inner electrons is assured, however, by the fact that the influence of the 
impurity on them is masked by the stronger influence of changes in the energy 
spectrum of the electrons of the neighboring shell (the next inner one). 
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Furthermore, the effective influence of the impurity is reduced for electrons 
in deeper shells (in many-electron atoms the influence of the impurity may be 
considered to be negligibly small for 1s electrons). 

On the other hand, for outer electrons and primarily for electrons in 
the conduction band, the rigid band approximation can serve only for rough 
qualitative evaluations. The most interesting and valuable evaluations will 
be those for electrons of unfilled shells having a common Fermi level with 
the conduction electrons. 

As was noted above, electrons from the unfilled shells of the base metal 
atoms, for example, the 3d electrons of chromium, also participate in the 
screening of the excess charge of the impurity. This means that in the pro- 
cess of equalization of the electron energy with respect to the Fermi level 
some of the atomic kernels of chromium in the vicinity of the impurity atoms 
may lose or acquire 3d electrons. In general, these atomic kernels will now 
have a new value of charge so that they may be regarded as induced impurities 
with an excess charge having a polarity opposite that of the excess charge of 
the main impurity. 

This excess charge can be evaluated by means of the rigid band approxi- 
mation in the following manner. Let Regs be the effective radius of action 
of the main impurity. Then the total value of the screening charge attribut- 
able to the 3d electrons will be given by 


(Ze) = \ € {P54 (Eg) — P3q (EZ )} dt, (3) 
where p°,(Z,) and ?,,(£,) are, respectively, the spatial densities of the 3d 


electrons in the pure metal and in the case when an impurity is present. 
Further, we have 


Pag (Lg) = 02, (Zq + AE). (4) 


The magnitude of the shift AE is negligibly small; hence 


OP ea 
00), Veeder Ro Bae (5) 
In the "rigid band” approximation 
NEPA (6) 


Moreover Pa 

3 ( OE Janets 
Fermi level in pure metal. Furthermore, inasmuch as the atomic dimensions are 
small, the distribution of 3d electrons may be assumed to be spherically sym- 


metrical relative to the main impurity in all cases. Then we obtain 


—nji(Em) » the level density in the 3d band near the 


RF eff 


(Ze), = — 4ne'nba (Eo) \ W (r) r2dr. (1) 


This screened charge is distributed in a sphere of radius Refs. The nun- 
ber of atomic kernels of the base metal in this sphere is 


te , | (8) 


where Vyc is the volume of the unit cell; for chromium with a body centered 
cubic lattice Vyc = «a’*; x is the number of atoms per unit cell (two in the 
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Thus the mean induced 3d charge per atomic kernel of the 


hromium) . i 
case of c the impurity is effective is 


base metal in the region where the action of 

given by eee 
— Amen} (Eo) \ W (r) r°dr 

sll Ans (9) 


(Ze) 


a? 


In the optimal case of action of the impurity, when the atomic blocks en- 
compass the total volume of the system, but the main impurities do not inter- 
act with each other, the value of (Ze)3a will be the average excess induced 
charge per atomic kernel in the system. Such a change of the mean charge must, 
according to Moseley's law, affect the magnitudes of the x-ray terms; the di- 
rection of change of these terms gives a unique indication of the sign of the 
induced excess charge of the atomic kernels and, consequently, of the sign of 
the excess charge of the impurity. 

In the light of these theoretical considerations one can satisfactorily 
describe the character of the changes observed in the x-ray spectra of trans- 
ition metals as a function of the impurity concentration. 

Thus for determining the charge of the impurity atoms and the atoms of 
the base metal one must determine the magnitude of nsq( EB pe) from the x-ray 
spectra. Unfortunately, one cannot carry out such an evaluation on the basis 
of the experimental data given above. To permit of such an evaluation one 
must extend the investigation to the region of the ultralong wave x-ray spec- 
trum, i.e., investigate the L and M spectra of Cr and Mo. An appreciably 
better resolution in energy (0.05-0.1 ev) is obtainable in the long-wave x-ray 
region; only with such resolutions can one hope to obtain quantitative data. 

The value of the charge of the impurity atoms can be obtained directly 
in investigating the electrolysis of atoms of elements in solid solutions.12 


Conclusions 


As a result of our x-ray spectroscopic investigation of the electron 
energy spectrum of solid solutions and theoretical analysis of the problem 
of dilute solid solutions we come to the following conclusions. 

1. In dilute solid solutions there are formed in the vicinity of impurity 
atoms having a negative excess charge "atomic blocks" with an effective radius 
of action of 10-7 cm (in the case when the base metal is an element of the 
transition group). Within the boundaries of these blocks there appear addio- 
tional interaction forces; the potential of these forces has the character of 
a short-range (cut-off) potential. 

2. The influence of these "blocks" on the electron energy spectrum is 
aia most strongly as long as there is no interaction between the impurity 
atoms. 

3. The additional bonding, which is polar in character, persists over an 
appreciable range of concentrations in solid solutions of the Cr-Mo systen, 
although in the higher-than-dilute range of concentrations, no blocks are 
formed and the additional bonding is weaker than in dilute solutions. In the 
case of Cr base solutions this interval of “constant additional binding" ex- 
tends from 2 to 30 atomic percent Mo; in the case of Mo base solutions it ex- 
tends from 3 to 20 atomic percent Cr. 

4. When Mo or Cr is the impurity each of these atoms has an excess nega- 
tive charge relative to the atoms of the base metal (Cr or Mo, respectively). 
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5. In the range of Cr concentrations from 38 to 70% in Cr-Mo solid solu- 
tions, the Cr has a positive and the Mo has a negative excess charge as com- 
pared with the respective charges in the pure metals. 


Laboratory of Physical Methods of Investigation, 
A.A.Baikov'’ Institute of Metallurgy, 
Academy of Sciences of the USSR 
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USE OF THE URS-50-I X-RAY EQUIPMENT AS A DOUBLE CRYSTAL SPECTROMETER 
- I.B.Borovskii & V.V.Shmidt 


Use of the double crystal spectrometer in x-ray spectroscopic and other 
work has made it feasible to solve a number of problems not susceptible of 
solution by means of other monochromators. The principal advantages of the 
double crystal spectrometer are the possibility of accurately taking into ac- 
count imperfections of the monochromator crystal and rigorous monochromatiza-— 
tion of the radiation. These features make it possible to determine such in- 
portant physical characteristics as inherent line widths in the x-ray spec- 
truml, the diffraction pattern at very small angles2, and the number of growth 
defects in single crystals (so-called dislocations) 3 and to make precision 
measurements of the lattice parameters of organic crystals (of the order of 
450-500 A). 

Despite the obvious importance of such investigations and the fact that 
they have been extensively carried on abroad, until now there has not been 
available in the USSR a single x-ray spectrometer of the double type suitable 
for such investigations. Shortly after the beginning of production of the 
URS-50-I equipment in the USSR, we undertook to make certain improvements in 
this apparatus with a view to making it suitable for use as a double spectro- 
meter. Let us briefly recall the fundamental positions of a double crystal 
spectrometer. 


In the (1, -1) position (Fig.1) both crystals are parallel and the re- 
flection is in the first order. Crystal A diffracts the incident radiation 
into parallel beams according to wavelength. If beam Ay is reflected from 
the crystal at an angle 6), it will be incident on crystal B at the same angle 
and, consequently, can be reflected. The same thing may be said regarding 
ray X9- Hence, in this position the dispersion of the instrument is zero. 

Let us assume that both crystals are perfect, i.e., that there is not 
only no mosaicity but also no dynamic interference (i.e., that the reflection 
is exactly at the Bragg angle). Then even a slight rotation of the crystal 
B about its axis will completely cut off the radiation to the counter. If 
on the other hand, the crystals are not perfect, then the intensity reéemied 
by the counter as a function of the angle B of rotation of the crystal B will 
aay orn sete curve with a maximum. The width of this reflection 

e , 7 osition ch 
“arabbet a: seh Reis haracterizes the quality of the reflecting 
7 In the (1, +1) position (Fig.2) the crystals are antiparallel; the re- 
ection is in the first order. Now if the crystal B is at the Bragg angle 
61 to the ray }j, the ray \2 cannot be reflected. Now the instrument has 


dispersion and the refl 
Raa Se ection curve will characterize the shape of the spec- 
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The basic component of our two-crystal spectrometer set-up is a GUR-3 
goniometer. The goniometer has a monochromator and crystal A is clamped in 
its crystal holder. Crystal B is clamped in the specimen-crystal holder of 
the URS-50-I equipment. With the equipment used as a double spectrometer all 
the slits were completely removed. A knife-edge was mounted on the first 
crystal. In investigating the fine structure of x-ray spectra we used cal- 
cite crystals prepared by the procedure described in Ref.4. In a double crys- 
tal spectrometer one must be able to determine the rotation of the second 
crystal within a few seconds. Inasmuch as each division on the circle of the 
GUR-3 goniometer equals 1', it was necessary to install an auxiliary worm gear. 
A drive yielding 18" rotation of the second crystal per revolution of the worm 
proved to be fully satisfactory. 

Satisfactory operation of the URS-50-I equipment as a two-crystal spectro- 
meter can be assured only through very careful and thorough adjustment. The 
most important adjustments are 1) bringing the axis of rotation of crystal B 
exactly into its reflecting plane and 2) alignment of the axis of crystal B 
with a plane parallel to the reflecting plane of crystal A. We undertook a 
special theoretical analysis of the accuracy of indication of a double crys- 
tal spectrometer and the influence upon it of misalignments. The principal 
results of this analysis were the following. Let the axis of rotation of 
crystal B form an angle § with its reflecting plane; then in the (1, -1) 
position the reflection curve will be wider than the reflection curve for 
the ideal adjustment by an amount 


p28? 
AB = kemd + 0<k<i1, 


where ?m is the maximum vertical divergence, ) is the width of the diffraction 
pattern from the calcite crystal (~107-5 radians). 

If we take om =~ 10-2 and § = 1', we obtain 4B + 1". Disadjustment as 
regards the second above-mentioned alignment leads to an analogous result. 

If we assume that the subject of investigation is a spectral line having 
the classical dispersion shape and a half-width Bo, the relative broadening 
of the line due to disadjustment in the (1, +1) position, again taking ?m~ 
10-2 and § &1', it is evaluated to be 


A p28? 
ee 

It will be obvious from these calculations that the adjustment must be 
carried out with an accuracy of § = 1'. The necessary adjustment was carried 
out by means of a KM-5 cathetometer. After this adjustment, the width of 
the reflection curve obtained in the (1, -1) position with Mo Kq radiation 
was 6.5", while the theoretical value of this width on the assumption of com- 
plete absence of mosaicity is 4.5" according to Nordling®. 

According to Beeman & Friedman® in recording an absorption spectrum one 
must carry out the intensity measurements at each point of the spectrum two 
times, once with the absorber and then without it. In addition, one must 
have an appropriate device for placing the absorber back in exactly the same 
position each time. We improved this procedure by introducing an auxiliary 
control counter (see Fig.3). In our set-up the auxiliary crystal 5 separates 
out a portion of the“white" radiation in the investigated wavelength interval. 
Crystal 5 and counter 6 are always stationary so that the indications of the 


auxiliary control counter depend only on the operating regime of the set-up. 


Hence if the indication of counter 4 is divided by the indication of counter 
6, we obtain a quantity that is independent of chance variations of the 


Fig.3. Diagram of set-up 
for investigating absorp- 
tion spectra: 1) first 
crystal, 2) second crystal, 
3) absorber, 4) Geiger- 
Miller counter, 5) auxili- 
ary crystal, 6) auxiliary 
control counter, 7) x-ray 
tube. 


0. w 0 60 
8, seconds 
Fig.5. Reflection curve in 
the (1, -1) position. 
Solid line - dispersion 
curve; points - experiment- 
al values. 
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Fig.4. K absorption edge of Fe. 


operating conditions in the process of recording 
the given point. The two counters have a common 
control so that they start and stop at the same 
time. Incorporation of the control counter in- 
to the circuit made it possible to obtain the 
curve of the white radiation in the investigated 
wavelength interval, i.e., I4/Ig = f(A) with the 
absorber 3 withdrawn from the beam, where I, and 
Ig are the indications of counters 4 and 6, re- 
spectively. This curve is entirely independent 
of the operation of the set-up and is constant 
for the given angular interval. Experiments 
showed that the plot of this function is a 
straight line parallel to the x-axis. 

Hence thereafter the entire spectrum could 
be recorded with the absorber in place. Obvi- 
ously, this substantially reduced the time re- 
quired for recording a spectrum. 

With respect to the K absorption edge of Fe 
(\ = 1.74 A) our instrument has a dispersion D = 
= 0.35 A/mm, a reflection curve width in the 
(1, -1) position W = 11.5", and a resolution in 
the (1, +1) position of /8\ = AD/W = 10,000. 

In this position the homogeneity of the mono- 


chromatic ray separated from the continuous spectrum is characterized by 


MX = 0.2 X. 


By way of illustration, the curve obtained for the K absorption edge of 


Fe is reproduced in Fig. 4. 


We repeatedly checked the reproducibility of the results obtained with 


the apparatus. 


In the case of the absorption edge of Fe the results for the 
repeat recording are indicated by the crosses. 


It will be evident that the 


reproducibility is fully satisfactory. 


As may be seen from Fig.5 the reflection curve obtained in the (1, -1) 
position has the classical dispersion shape. 


Laboratory of Physical Methods of Investigation 
A,A.Baikov" Institute of Metallurgy 
Academy of Sciences of the USSR 
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X-RAY SPECTROSCOPIC INVESTIGATION OF CHEMICAL COMPOSITION 
IN MICROVOLUMES OF ALLOYS 
- I.B.Borovskii, N.P.Il'in, L.E,Loseva, I.D.Marchukova & A.N.Deev 


In the present report we shall give some of the results obtained in in- 
vestigating the microcomposition of complex samples and show on the basis of 
these the possibilities offered by x-ray spectroscopic methods of determining 
the chemical composition in microvolumes as regards solution of diverse prob- 
lems in metallography, the physics of metals and allied fields. 

This method has been under development since 1951 by Castaing in France 
and simultaneously here in the Soviet Union. At present one can already 
clearly delineate its possibilities and potentialities. 

Briefly, the method may be described as follows. The investigated micro- 
section is mounted in a special x-ray tube in the place of the anode so that 
the target "speculum" is the surface of the microsection whose structure may 
then be examined by means of a metallomicroscope incorporated in the tube. 
The specimen can be displaced in the plane of the anode by means of special 
micrometer screws, thereby bringing any desired point (microvolume) into the 
electron beam. The electron beam is focused, the diameter of the focal spot 
in the plane of the anode being 2-3 uy. Thus the electrons excite the atoms 
of the material in a microvolume of about 10 u3, which corresponds to an 
analyzed mass of the order of 10-10 g. Thus given an average analytic sensi- 
tivity of 0.1% one can detect the presence in the anode-section of as little 
as 10713 g of the element. The analysis of the chemical composition at the 
"yoint" of the focal spot is realized by the usual procedures of x-ray spec- 
troscopy. 

As developed in France the procedure is based on using a specially de- 
signed spectrograph with focusing of the monochromatic x-ray radiation by 
means of a bent crystal by the Johansson method and employing a microfocus 
tube with electrostatic focusing of the electron beam. In the Institute of 
Metallurgy of the USSR Academy of Sciences the work led to the development 
of the RSASh-2 x-ray spectrograph for determination of the elements from 
Fe26 to Mo42 and from Hf72 to u92 in microsections. Recently, there has al- 
so been developed the RSASh-ZD model spectrograph by means of which micro- 
sections can be analyzed for the elements from Fe26 to Mgi2 inclusive. 

The RSASh-2 equipment consists of the x-ray spectrograph proper, a micro- 
focus x-ray tube, a power supply and a detecting-recording unit. 

For spectral resolution of the x-ray radiation use was made of a modifi- 
cation of the transmission method developed by DuMond for analysis of the 
x-ray spectra of radioactive elements. The short wave x-ray spectrograph 
has a stationary (1010) reflecting plane quartz crystal curved to a radius 
of 300 mm and two moveable arms, one carrying the x-ray tube and the other 
the radiation detector, a Geiger-Milller counter. 

The microfocus x-ray tube is an electron optical system with electromag- 
netic focusing of the electron beam. With the optimal diameter of the focal 
spot (2-3 yu) and a current of 1077-1078 amp at 35-50 kv, the specific power 
load on the anode-section is several kilowatt per square millimeter. At this 
specific loading the temperature at the focal spot does not exceed 50°. 

In working out the design of the specimen "stage", it was assumed that 
of greatest practical interest would be investigation of the continuous dis- 
eae of the elements in the samples, i.e., continuous "point" analysis. 

veloped design allows of precision displacement (accuracy ~1 ww) of the 
sample under the electron beam at rates from 10 to 150 u/min. With simultan- 


eous continuous recording of the intensity of the characteristic lines of the. 


SEs, 
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, element being deternined on the roll chart of the recording potentiometer, 


there is obtained a concentration curve for the scanned strip of the sample 
with a magnification from 1000 to 20,000. The actual magnification is deter- 
mined by the ratio of the rate of displacement of the sample to the rate of 
advance of the potentiometer chart. 


Below we give the results of some of the investigations carried out by 
means of the described equipment. 


Analysis for homogeneity. 
Using continuous recording for 
a given element while scanning 
across the specimen in a select- 
ed direction, one can check the 
degree of homogenization of 
an alloy and investigate the 
distribution of different ele- 
ments in the process of crystal- 
lization of ingots. Important 
here is the fact that it is not 
necessary to etch or otherwise 
treat the specimen to bring out 
the microstructure, which is 
particularly advantageous in 
investigating solid solutions 
of variable concentration or, 
Fig.1. Distribution of rhenium in an Re-Ni for example, certain metallo- 
solid solution. ceramic specimens. By way of 

illustration of the results ob- 
tained in such investigations, the distribution of rhenium in an Re-Ni solid 
solution is shown in Fig.l. 

Analysis for phase composition. In Fig.2. we show a photograph of a 
microsection of a multiple component Ni base alloy to which an additional 
amount of rhenium was added. The addition of rhenium to the initial alloy 
led to the separation of a new phase discernible as light grains in the photo- 
graph. Next to the microphotograph we show the concentration curve obtained 
in scanning across one of the grains of this new phase. It will be obvious 
from the distribution curves for Re, Mo, W and Ni that the segregated phase 
is appreciably enriched with rhenium, tungsten and molybdenum. Results of 
quantitative analysis of the phase composition of this alloy are listed in 
Table 1. 


| Te 


Table 1 

Hlement 

Phase composition, 

atomic % Ni | Re Ww Mo 
; 2 14 2,8 2.6 

Basic phase 60 + : 
Segregated phase pears 75 se oa 
Initial alloy 65 + _ 5 , 
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Fig.2. Phase composition analysis of a multiple component alloy to 
which rhenium was added: microstructure (a) and distribution curves 
of Re (b), Mo (c), W (d) and Ni (e). 


Analysis of welded and soldered joints. By way of illustration of in- 
vestigations in this category we give the results for a weld obtained in fus- 
ing copper onto cold steel. Metallographic analysis (Fig.3 a) showed that 
in this case there is formed an intermediate layer having a variable width 
ranging from 15 to 40 ». From the upper distribution curve (Fig.3 b) across 
this layer, recorded on the basis of the variation of the intensity Cu KO] ,2 
line, it will be seen that this layer is a metastable phase of constant compo- 
sition containing approximately 12% Cu. 

The RSASh-2 equipment made it possible for the first time to investigate | 
the microcomposition of soldered joints of heat resistant alloys. The samples 
were prepared by gas-torch soldering with three different types of brazing . 
solder. The investigation comprised determining the distribution of Ni, Fe, | 
Co, W, Mo and Mn in the different phases of the solder alloy as well as the . 
variation in chemical composition of the applied solder across and along the 
length of the joints. The microphotograph of one of the soldered joints is 
shown in Fig.4 a; it will be seen that there are two phases - a light one and 


a dark one - present. Fig.4 b gives the curve characterizing the variation 
of Mo in the solder of the joint. 


PARANA 
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Fig.3. Welded joint: a) microstructure, b) Cu distribution in the 
weld. 


From a comparison of the concentration curve with the microstructure 
photograph, it was deduced that the areas with an enhanced Mo concentration 
correspond to ihe dark phase. The concentration curves characterizing the 
Ni and Mn distributions, respectively, at the beginning and end of the solder- 
ed joint are shown in Fig.4,c & d. It will be obvious from these curves that 
the amount cf nickel decreases, while the amount of manganese increases to- 
wards the end of the joint, i.e., where the solder runs out. Quantitative 
analysis showed that in the light phase of these samples there is 62% Ni and 
2% Mn at the beginning of the joint and 50% Ni and 5.5% Mn at the end. Semi- 
quantitative analysis by continuous recording of the distribution of the ele- 
ments over the joint and quantitative “point” analysis using suitable refer- 
ences for all the samples led to the following deductions: 1) there is less 
nickel and iron and more molybdenum and manganese in the dark phase than in 
the light one; 2) as the solder flows from the point of application to the 
edges the amount of Ni, W and Fe decreases and the amount of Mo and Mn in it 
increases; 3) in soldering Ia-1-T steel the solder is appreciably enriched 
with iron (to 26% instead of the initial 1-2%); 4) in the process of solder- 
ing an appreciable amount of manganese is burnt out. 

Certain recommendations leading to improved composition of the brazing 
solders were made on the basis of the described investigation. 

Investigation of diffusion layers. For the purpose of determining the 
possibilities of the method for investigating diffusion processes a series 
of studies of the Cu-Ni and Cu-Zn systems were carried out. The components 
of the first system, according to the phase diagram, form a continuous series 
of solid solutions; in agreement with this the copper concentration curve 
(Fig.5) obtained in scanning across the diffusion layer (produced at a tem- 
perature of 600° with an annealing time of 4 hours) shows a characteristic 
continuous variation of the Cu concentration. 
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Fig.4. Soldered joint: a) microstructure, b) distribution of Mo in the joint; c & d) distribution 


of Ni and Mn at the beginning and end of the joint 


» respectively. 


~ 1409 - 


7 According to the state diagram 
for the Cu-Zn system these elements 
form both solid solutions and a 
number of phases of constant compo- 
| sition. Experimental concentration 
curves Characterizing the distribu- 
r | tion of copper and zinc across the 
diffusion layer were obtained for 
samples heated at temperatures be- 


ae] HE ooites lites | low the melting point of zinc; fur- 
a ther the quantitative composition of 


pf} ts 


ori eel the diffusion layers at different 
caer sections was determined. 


en It will be seen from the micro- 
| | photograph reproduced in Fig.6,a 
that the diffusion layer consists 
Fig.5. Distribution of Cu in a of two sharply bounded phases. The 
copper-nickel diffusion layer copper and zinc concentration curves 
(4 hour diffusion heating at 600°). (Fig.6,b) recorded in scanning over 


the same section of the diffusion 
layer also indicate the presence of two phases of constant composition in the 
diffusion layer formed during 3 hour 10 min heating at 320°. The abrupt jumps 
in the concentration curves in going from the pure metal to the first phase 
and from one phase to the other indicate that there are no regions of mutual 
solid solution or mixtures of phase, at least within the limits of resolution, 
i.e., approximately 2-3 , which for a diffusion layer some 200 yp wide equals 
about 1%. The minor deviations of the concentration curves from the vertical 
in the transition regions are fully explained by the finite dimensions of the 
focal spot. From the concentration curves one can make semiquantitative deter- 
minations of the elements in question. The accuracy of such analyses is 5-10 
relative percent. Thus in the present case it was established for the phase 
richest in zinc that the zinc content in it is approximately 85%, which cor- 
responds to the €-phase; the zinc content in the second phase was evaluated 
to be 65% which corresponds to the y-phase. 


Snr ait os]. seq 
Pure Zn/| | Pure. Cu 
Aerial | 1 Lp 
9| 3 AReEEE SSS 1 
pra 


€—phase at RC = 4 sec 


Za / gael as Cu 


Fig.6. a) Microstructure of copper-zinc diffusion layer and b) 
corresponding concentration curves: 1) copper and 2) Zincox Dif- 
fusion layer obtained by 3 hours 10 min heating at 320%. 


- 1410 - 


ntration curves across the phase layers made 
variations in the composition within 
t the variation is linear. Concentra- 
d at different temperatures and for 
idth of the phase layers and thus 


Recordings of the conce 
with maximum magnification brought out 
the bounds of one phase and showed tha 
tion curves recorded for samples heate 
different times allow of determining the w 


calculating the diffusion coefficients. 
It should be noted that in measuring the width of phase layers with the 


RSASh-2 equipment a much higher accuracy than with other methods is obtained 
inasmuch as the effective magnification of the concentration curve (20,000 X) 
appreciably exceeds the possible optical magnification in observing the micro- 
structure; moreover, by virtue of the continuous recording feature of the 
equipement one can with great accuracy establish the boundaries between indi- 
vidual phases particularly between the solid solution and the adjacent constant 
composition phase, which, of course, cannot be done by means of a conventional 
metallographic microscope. 

The calculated values of the diffusion coefficients are listed in Table 2; 
these values are in good agreement with the data of other authors. 


Table 2 
Values of the diffusion coefficients obtained for the y- and €-phase layers 


€-phase 


y-phase 


Instrument OnL Dar = pee 
Q,E- avon cem2/hr Q,g- atom cm2/hr 


RSASh-2 11740 (+8%) 20680 (+26%) 93 


Microscope 13400 (+12%) 20800 (+25%) 93 


In addition to investigation of the concentration curves, we carried out 
an analysis of the quantitative composition in different parts of the layer 
of each of the phases by comparison with standards. Thus, in the case of the 
Y-phase we found a change in the Zn concentration in going from the boundary 
with copper to the €-phase interface from 66 to 68% (the Cu concentration de- 
creased accordingly from 34 to 32%). 

By virtue of the high degree of localization of the analysis, we were 
able to investigate different diffusion layers (down to 10 up thick); it was 
found that the kinetics of phase growth in thin layers differs from that in 
thick layers. These results may be helpful in the investigation of processes 
occurring on grain boundaries in multiple component heterophase alloys. 

Thus from our experience with the new method it may be concluded that 
whereas until recently x-ray spectroscopy developed along the line of theo- 
retical investigations connected with studies of the character of interaction 
between atoms as evinced by the fine structure of the spectra and along the 
line of practical application of x-ray spectroscopy for total analysis of 
chemical composition, the new method of analysis in microvolumes opens a 
meee new field of applications of x-ray spectroscopy in the field of the 
E ee of metals. Many important problems that hitherto could not be solved 

ue to the lack of quantitative methods of investigation of microcomposition 
can be readily and reliably solved by means of this method. Such problems 
include analysis of the phase composition of complex alloys, investigation 
of the degree of homogenization of alloys, investigation of the detailed 
distribution of alloying additions and impurities in alloys and their redis- 
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tribution in the processes of aging, deformation and heat treatment, and in- 


' vestigation of diffusion and other intermediate layers, in particular, grain 


SY 


boundaries and the processes occurring thereon. The high local sensitivity 
of this method of quantitative analysis (down to 10-13 g) makes it feasible 
to utilize it as well for determining small amounts of different elements in 
minerals, slags and ores. 

In conclusion the authors desire to express their thanks to E.M.Savitskii, 
M.Kh.Shorshov and V.A.Gorokhov for making available the various samples used 
in the investigation. 


Laboratory of Physical Methods of Investigation, 
"A.A.Baikov" Institute of Metallurgy 
Academy of Sciences of the USSR 
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X-RAY SPECTROSCOPIC METHOD OF INVEST IGAT ING 


THE ELECTRON STATE DISTRIBUTION IN METALS AND ALLOYS 
- N.D.Borisov, V.V.Nemoshkalenko & A.M. Fefer 


Introduction 


ih} t 

Metallurgists are increasingly called upon to create ggley see oe 
different, often rigorously specified properties to meet the diversifie 4 
of modern engineering and industry. One of the important factors hampering 
such development of alloys "to specification is the lack of a complete, con- 

ical theo of metals. 
Setivanteercecnt eee even with the use of the method of a self-consis- 
tent field is incapable within the framework of the one-electron model to take 
into account interaction between electrons. Thus one of the urgent problems 
in the field of the physics of metals is development of a complete many-elec- 
tron theory. The development of such a theory is predicated on a better 
knowledge of the distribution in states of electrons in metals and alloys and 
the variation in this distribution occurring under the influence of different 
factors. 

It is natural therefore that the early theoretical calculations of Mott, 
Jones & Skinner! connected with distribution in energy of electrons called 
for immediate experimental verification and served as the basis of the devel- 
opment of a new method of metal studies, aptly named "spectroscopy of the 
solid state" by Skinner?. The principles underlying this method are the fol- 
lowing. In view of the fact that transformations of a material into differ- 
ent physical and physical-chemical states are accompanied by definite changes 
in the state of the atoms in it, changes leading to modifications of the elec- 
tron states of the atoms comprising the material, it may be assumed that all 
such processes will produce detectable changes in the structure of the x-ray 
spectroscopic lines. Thus it may be assumed that investigation of the struc- 
ture, shape, width, intensity and position of the lines in x-ray spectra 
should allow of establishing a unique correlation between the changes in the 
spectral characteristics and intra-atomic processes occurring incident to 
"transition" of the material from one state to another. 

Research in this field has consequently been directed towards creating 
a new method of metal study, a method capable of aiding the solution of prac- 
tical problems in the "metallurgy of the future”. 

From the standpoint of modern solid state theory the structure of the 
electronic energy spectrum is the key to understanding the basic physical and 
physical-chemical properties of solids. 

Modern solid state spectroscopy is concerned with investigation of the 
character of interatomic bonds linking the constituent particles of solids, 
the density of electron states, the filling by electrons of the conduction 
band in semiconductors with increasing temperature, the energy distribution 
of electrons in the conduction band of metals and alloys, the influence of 
temperature on this distribution and a number of other factors specific to 
metals and alloys, factors associated with the variation of the energy state 
of their atoms (polymorphic transformations, phase transitions, decomposition 
in the solid state, influence of alloying impurities, degree of ordering 
transformation into ionic oxide compounds, etc.). : 

Development of research in this field of solid state spectroscopy abroad 
was initiated by Skinner and Farino who utilized diffraction-grating x-ray 


spectrometers that allowed of investigating the spectra in the soft and ultra- 
soft x-ray regions (50 to 500 A). 
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Systematic research in the field of spectroscopy of the solid state in 
the Soviet Union has been carried out over a period of years in Kiev, Moscow, 
Odessa, Rostov-on-the-Don, Sverdlovsk and Khar'kov. In our laboratory work 
in the field has been carried on since 1940 on bent crystal spectrographs 
operating in the central region of the x-ray spectrum. The design and con- 
struction of x-ray tubes for recording emission spectra in a wide range of 
temperatures and the development of large x-ray spectrographs with a high 
resolution have enabled us to expand our work in the field of solid state 
spectroscopy, although unfortunately our investigations are still limited to 
a certain region of the spectrun. 

In a report presented at the Fifth All-Union Conference on the Applica- 
tion of X-rays to the Investigation of Materials we outlined the general aims 
and purposes of the new method, namely, 

1) to explain the physical and physical-chemical properties of solids 
(in particular, of metals and alloys) on the basis of the electron energy 
spectrum and 

2) to establish laws and regularities that would make possible formula- 
tion and realization of alloys with desired specific properties. 

In our report we examined the various approaches to solutions of the 
problems involved, evaluated the possibilities connected with investigation 
of the KBs emission bands of elements of the iron transition group and con- 
sidered the various physical factors affecting the intensity, width and shape 
of x-ray emission bands. 

The research reported on herein is a direct continuation of our earlier 
work and had as its purpose investigation of the characteristics changes in 
the structure of the electron spectrum of chromium and iron in Fe-Cr alloys 
occurring under the influence of variation in concentration of the alloy con- 
ponents and transition (along the composition axis) of the y to @ solid solu- 
tion. 


1. Samples and Lines Investigated 


Specifically, we investigated the following lines; the KBs lines of 
chromium and iron associated with electron transitions from the conduction 
band to the K level and the KB, lines (together with the long wavelength KB' 
satellite) associated with electron transitions from the 3p shell to the K 
level. 

These spectral lines were recorded at 1000° for samples of the pure 
metals and samples Nos.1 through 8 of Fe-Cr alloys containing 4, 5.8, 8, 20, 
30, 45, 50 and 75% Cr by weight, respectively. 

The KB lines of chromium were not obtained for samples Nos.1, 2, 3 and 4 
owing to their low intensity in the spectra of these alloys. 

The initial metals were electrolytic high purity chromium and iron. The 
Fe-Cr alloys were prepared by the technological department of the Institute 
of Metal Physics of the Ukrainian Academy of Sciences in a vacuum h-f induc- 
tion furnace. 

The samples were prepared in the form of special plates which were then 
mounted on the primary target of the x-ray tube. 


2. Equipment and Procedure 
The high voltage equipment was a four-Kenotron rectifying assembly based 


on the Gratz circuit. The power was supplied from a ferroresonance regulator 
maintaining the primary voltage constant to within 0.5%. 
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All the x-ray spectra were obtained by means of the x-ray tube designed 
earlier by us? for obtaining the fluorescent spectra of specimens aKE high 
After appropriate modification of the electrode, this tube 


temperatures. ra by the method of primary excitation. 


was used for obtaining the x-ray spect : hs 
The tube was evacuated by an oil forepump, a mercury diffusion pump and a 


high-vacuum MM-40 type oil vapor pump connected a series. The vacuum main- 
tained in the system was of the order of 2-3-1079 mm Hg and was measured and 
monitored by HG-200 and VI-3 ionization pressure gages. 

The diffraction apparatus was a nonvacuum x-ray large aperture spectro- 
graph of our design, *# equipped with a quartz crystal slab bent to a radius 
of 500 mm. The reflection was from the (1010) plane. In contrast to the pro- 
cedure employed in our earlier investigations the entire spectrum was obtained 
using a rocking angle close to 2°, The need for using a rocking crystal in 
investigating the fine structure of the x-ray bands obtained by the method of 
primary excitation was dictated by the difficulties of subtracting the back- 
ground (Brehmsstralung spectrum) which, as is known, has a distinct shape and 
is superimposed on the x-ray band of interest. In selecting the rocking angle 
for this crystal we were guided by the rules listed in Ref.5. 

The linear aperture of the crystal was controlled by means of a knife edge 
(slit) and did not exceed 1.5 mm. The reasons making it necessary to use so 
small an aperture have been discussed in an earlier publication®, 

The exposure conditions for recording the x-ray spectra of the investi- 
gated sample were selected by measuring their temperature by means of a Pt- 
-PtRh thermocouple, whose hot junction was welded directly to the samples at 
the center of the focal spot. 

This method of determining the temperature of the emitting part of the 
sample, however, is not perfect inasmuch as it does not guarantee that the 
temperature is uniform across the entire focal spot. Only forced heating of 
the sample with the secondary method of excitation can assure a uniforn, 
‘stable temperature over the entire focal spot. With a view to minimizing the 
temperature gradient along the diameter of the focal spot, the latter was not 
allowed to exceed 1 mm and was controlled by the focusing cup of the cathode. 
The temperatures of the emitting samples were recorded by means of a "Kent" 
thermorecorder. 

The filament of the tube was a tungsten spiral wound of 0.25 mm diameter 
wire. The service life of the spiral was about 500-700 hours. 

The samples were in the form of metal plates 3 mm thick cut in the form 
of equilateral trapezoids with beveled edges and were tightly fitted into a 
mating swallow-tail recess in the copper adapter at the end of the anti- 
cathode. 

All the spectra were recorded on “Agfa'' film, emulsion coated on one side 
only; the development was carried out in a thermostat at 18° for 15 minutes, 
using fresh metol-hydroquinone developer of standard concentration. In deter- 
mining the exposures, account was taken of the necessity of obtaining photo- 
graphic densities lying on the linear section of the characteristic curve for 
the given filn: 

S 
lg eal 
Ue == one Se ce 
ie q) 

The Sta exposure time was calculated according to the equation given 
by Blokhin’, where S, and S, are, respectively, the photographic densities 
of the line peak and the background obtained with an exposure time t. Under 


these conditions the optimal values of the i 
photographic densiti - 
ground and line peak are given by Z aia 


AE EN 
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Biel 50 Ge 
Sy= x j (2) 
Y Leroy wits 


where y is the ratio of the line intensity to the background intensity. 

It can be shown that the highest contrast for weak spectral lines is ob- 
tained in exposing the background to a photographic density of 0.2-0.4. 

The spectrograms were measured on an MF-4 recording microphotometer 
using a magnification of 7 X, a 20 to 1 record to film motion ratio and a 
slit setting of 0.7 x 14 mm; the photometric procedure followed was that de- 
scribed in Ref.8. The rate of scanning of the photographic film was 60 mm 
per min. Prior to the final photometry of each double spectrogram, we ob- 
tained on one photographic plate the complex microphotograms consisting of 
six microphotograms at different levels across the KB5 bands. This photo- 
metric procedure brought out the structure of all the lines in height and 
minimized the possibility of chance photometric errors. 


3. Experimental Data 


As noted above we recorded the K85 and KBj,B' lines of Fe of the pure 
iron and Fe-Cr alloy samples and the KBs and KBj,B' lines of Cr of pure chrom- 
ium and the Fe-Cr alloys containing 30, 45, 50 and 75% Cr at a temperature of 
1000°. The Fe lines were obtained in the fourth order; the Cr lines in the 
third order of reflection. 

The experimental conditions employed in recording the double spectro- 
grams are listed in Table l. 


Table 1 
Recording conditions 
Material Line designation 
kv ma ma/hr 
IV FeKay, g,, 8 35 6,4 | 60 
at Wy Pir BH 
Alloy Nt 4 (4% Cr) IV FeKg- p.. as 35 5,0 60 
Alloy Ne 2 (5,8% Cr) 1V FeKg’, Bi Bs 35 ok 60 
Alloy Ne 3 (8% Cr) IV FeKe’, g, ps5 35 4,6 60 
Alloy Ne 4 (20% Cr) wv Beh 60 83 S ae a 
Ne 5 (80% Cr eKB.0 By 85 : 
Alloy (80% Cr) Ill CrKp’ p, g5 ity 
Alloy Ne 6 (45% Cr) IV Fekep’, By B5 35 4,4 445 
Ill CrKe’ Bi Bs 420 
Alloy Ne 7 (50% Cr) Iy FeKe’, 61, Bg 30 4,9 400 
III CrKe’, @,, Bs het 
Alloy Ne 8 (75% Cr) IV KekKips op a 30 5,0 
III Criten Bue B; 80 
Chromium Ill CrKg’, @,, 35 ae) 6,0 50 


4, Calculated Data 
For calculating the wavelength of the spectral lines we used the formula 
2d a ae 90 
hy = “SP singy =—" sin | |lo=F Al|—|; (4) 


where d, is the lattice constant of the crystal taking into account the order 
of reflection (7), / is the calculated distance from the center of the crystal 
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to the standard spectral line, Al is the measured distance from the sought to 


i ed ve 
the standard line in mm and 90/7 is a constan 
The value of this constant was determined by means of the formula 


(5) 


Tr 


ied a 


(p. 0< 
| ni Y2 


where /,—/, is the measured distance in mm between the known standard spec- 
tral line recorded on the photographic film and ?1 and 9% are the calculated 
Bragg angles for these lines. On the basis of photometric measurements of 
the spectrograms the distance Al between the III Cr Kay (A = 2285.00 X) and 
the IV Fe KB, (A = 1752.99 X) lines was found to be 16.01 m. 

Substituting this value in Eq.(5) and the corresponding values of the 
Bragg angles for the two lines we find 


90 _ A? = 0.11456 degree/mn. 
Tr Al 

That this value remains constant throughout the work was checked by 
periodic determinations at appropriate intervals. 

By way of standard lines for determining the positions of the chromium 
and iron lines we chose the IV Cu Ka, and III Cr Koy lines, respectively. 

For calculating /, (the distances of the KQ, lines of chromium and copper 
from the center of the crystal) we took the tabular values:9 \cy = 2285.00 X 
and Aqy = 1537.40 X. 

The distances were determined by means of the expression 


Tr 
bo = “OQ Yo, (6) 
where % is given by the relationship 
rN 
Sin ) = a ni (7) 
n 


In our case the distances from the center of the crystal to the KQ, lines 
of chromium and copper were calculated to be 469.864 and 405.026 mm. 

Further calculations for the positions of the KO, and KBs line peaks of 
chromium and iron were carried out by means of Eq. (4). 


The other quantities associated with the determined wavelength were cal- 
culated by means of the equations 


lg V = 7,0914911 — 1g, (9) 


where ) is in X-units. 


Table 2 lists the dispersion data in the region of the KBs lines of Cr 
and Fe calculated by means of the equations 


er seas X/mm : 
Al anno! (10) : 
AV __ ctgp| nr} | 
Al = 8,09 Ra 1° a (11) 

Av/R __ ctgo|na| 5v/R 

Rp i Sao) a (12) 


The calculated values of the wavelength of the KB 
1 and KBs lines and the 
short wavelength edge of chromium and iron based on geahercaence of the cor- 
responding spectrograms are summarized in Table 3. It will be evident from 
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Table 2 the data in Table 3 that only in the 
- case of the Cr KB; line is there an ap- 
Sy iable displacement of the peak to 
; AV /Al, ev/ n/a babe a 
Line |aaiat ,X/mm |AV/41, ev/mm mm the side of longer wavelengths with in- 


creasing iron concentration in the Fe-Cr 
alloys. The positions of the peaks of 
ene Sees Se 0,826 the other lines remained the same in all 

Bs ’ , oe cases within the limits of the experi- 
mental error. 


Table 3 
A Short 
Material Line Data td rd ‘ 
source x ev IR cdge 
Iron FeK a, 1752,99 =< 519,84 = 
FeKa, Tabular) 1740,54 | — 523,56 |1739,83 
Iron & alloys FeKg, Exper. | !752,99 | 7042,25 | 519,84 -— 
Fe-Cr Ne 4, 2, 3, FeKe, 1740,43 | 7093,06 | 523,59 |1739,97 
eS CENT 68 
Chromium CrKe, Tabular| 2980,60 — 437,98 a 
CrKe, 2066 , 53 ea 440,97 | 2065,95 
Chrom. &alloys CrKe, Exper. | 2080,48 | 5933,73 | 438,04 = 
Fe-Cr Ne 5, 6, 7,8 
Chromium CrKe, Exper- | 2066,53 | 5973,77 | 440,97 | 2065,92 
Alloy N 8 CrKe, ‘ 2066 ,64 | 5973,46 | 440,94 | 2065,89 
Alloy Ne 7 CrKe, " 2066 ,69 | 5973.32 | 440,93 | 2065,84 
Mloy Ne 6 CrK., > 2066 88 | 5972,77 | 440,89 | 2065,88 
Alloy NM 5 CrKe, . 2067,16 | 5971,96 | 440,83 | 2066,14 


5. Photometric Curves 


Some of the photometric curves of the KBs lines 
of chromium and iron obtained from the double spectro- 
grams recorded at 1000° for samples of the pure metals 
and the Fe-Cr alloys are shown in Figs.1-4. 


Lk, 


Fig.1. Photometric curve of the Cr KBs line obtained for pure chromiun, 
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Fig.2. Photometric curve of the Fe KBs line obtained for pure iron. 


Be ee 


Fig.3. Photometric curve of the Fe KBs line obtained for the No.6 
alloy sample (50% Cr). 
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Fig.4. Photometric curve of the Cr K685 line obtained for the No.6 
Sample (50% Cr). 


It will be evident from an examination of the photometric curves that 
only in the case of Cr is the KBs band free of the K6'" satellite and there- 
fore discernible in its pure form. In the case of iron the KB" satellite 
is already clearly superposed on the short wavelength side of the KBs band 
and has a simple shape. In other words the microphotograms show that in in- 


vestigating the shape and width of the Fe KBs line it is essential to resolve 
it into components. 
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6. Results of Processing the Photometric Curves 


The microphotograms were processed as follows. For the purpose of allow- 
ing for the intensity of the short wavelength branch of the K81,8' lines super- 
posed on the intensity of the K85 band, a straight line was drawn tangent to 
the two branches of the band. Then a straight line was drawn through the 
point of minimum background density parallel to the “dark” (zero density) dat- 
um line in the microphotogram. This line was taken to be the fog level. The 
entire photogram was then subdivided into equal strips by vertical lines every 
1.5 mm, which with the 20 to 1 motion ration used equals 0.075 mm on the film. 
Then for @ach point of intersection of the verticals with the contour of the 


band we calculated the photographic density S,: with the background subtracted 
by means of the formula 


Sc! = Sg - S, = log ip/ic (13) 


where ip and i, are the distances from the dark datum line to the corresponding 
points of the background and band contour as measured on the microphotogranm. 
For finding the values of Sc', we determined the values of ig:, i.e., the dis- 
tances from the dark datum line to the corresponding points on the contour of 
the K85 band referred to the total fog by means of the formula 


log ict = log ig - Sq, (14) 


where ig is the distance from the dark datum line to the fog level line. On 
the basis of the values of i,: so determined we plotted the contour of the KB5 
band (less background) referred to the fog level. 

Resolution of the complex contour of the Fe KBs band into components was 
carried out by the method of successive subtraction at each point of the KBs 
band contour of the corresponding photographic densities of the Kp’" satellite. 
In view of the complete symmetry of the resolved Cr Kp" satellite it was as- 
sumed that the Fe KB" satellite is also symmetric. 

The width of the KBs band was determined as the sum of two terms: T = 
= Tj] + Tj, where T, is the width of the short wavelength branch measured at 
half the maximum intensity (i.e., from the point of inflection of the short 
wavelength branch corresponding to the Fermi level to the maximum of the band) 
and Ty is given by Vainshtein's formulalO 


¥ 
——— (15) 
Lye 
n '? 
where Jon is the width of the long wavelength branch of the KB5 band measured 
at different heights with 


The resultant value for the width of the KBs band was corrected for 
broadening of the band due to the finite width of the K level and the oblique 
incidence of the x-rays on the film. This corrected value of the KB5 band 
width was taken as Tinox =| Emax — Eo|, 7 the kinetic energy of the electrons in 
the conduction band. 

The calculations for one of the microphotograms are listed in Table 4, 
from which it will be seen that Eq. (15) satisfactorily describes the shape of 
the long wavelength branch of the Kf85 band. 
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Table 4 
if 4 -+; Sn igo Cray v2 * 20, MM Y2, MM Y2, © 2 
mit 
000 — 

1.00 | 0,00000 | 0,16080 | 1.88138 | 76,1 | 0,000 foe mae vente 
1750 | 0'23686 | 0,10720 | 1.93498 | 86,1 5,5 0,225 ripe DS alee tans 
5709 | 0.37004 | 0,08040 | 1.96178 | 91,6 fe OO eyltgzieae peel 
5’50 | 0’ 45712 | 006432 | 1.97786 | 95,0 | 8,4 de arrge cinta te 
3’00 | 0'51926 | 0.05360 | 1.98858 | 97,4 | 9,2 1460 ae ae 
3°50 | 0.56620 | 0,04594 | 1.99624 | 99,2 | 9,9 0, 49% boueb Pal: false 
400 | 0.60315 | 0.04020 | 2.00198 | 100,5 | 10,6 eee Meee gas ene 
Fda Ha lant ne ee ave 07580 | 6,487 9,858 

55801 | 0,03216 | 2,01002 | 102,3 | 11, : 
a SBD 002297 201921 | 104,5 | 12,6 0.645 | 7,214 9,926 

| 3.5 


oe 


Notes! Ty, 9.859 ev forn=2.5, 3.0, 
T,== 2.908 ev for y,x20 = 5.2. 


its 
=) 
iS 
‘S) 
oN 
fo) 
~I 
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The calculated values for Jax the kinetic energy of the electrons in 
the conduction band and 7 the number of "outer" electrons per atom in the con- 


duction are summarized in Table 5. 


Table 5 
Composition, % De ew n 
Material Peas 
Fe Cr Fe K Bs Crk Bs Fe Cr 
| 
Fey 100 0 10,70 = 12,250 1,94 = 
Alloy No 1 96 4 9,93 = 42,241 4,71 ~ 
Alloy Ne 2 94,2 5.8 585 412,239 4,73 = 
Alloy je 3 92 8 10,59 es 12,236 4,94 _ 
Alloy Ni 4 Som Hek2¢ 40.197 Ree 41,932 1,76 — 
Alloy Ne 5 70 30 5.72 bettd td. 14,964 1.63 1,98 
Alloy Ne 6 55 45 9,17 | 41,08 | 41.857 41,40 4,98 
Alloy Ne 7 50 50 9,08 | 10,67 11,857 4,47 1°87 
Alloy N 8 25 75 10,43 9,56 ae = —! 
oe <0 400 ce 8,49 12,470 = 1,40 


The latter values were calculated by the means of the Blokhin’ formula 
n = 0.00453 VaT wax, (16) 


where V, is the atomic volume in A3, 

The tabular values of the lattice constants of chromium, y-iron and the 
Fe-Cr alloys were recalculated for the 1000° temperature of the measurements 
using the appropriate linear expansion coefficient obtained from dilatometric 
curves. 

The Cr concentration dependences of 7',,, and nm are plotted in Figs.5 & 6. 

It will be seen from the plots that the width of the KBs5 band attains a 
maximum value for chromium and a minimal value for iron in the region of mid- 
dle (approximately equal) concentrations of the alloy components. The width 
of the KBs band and the number 7 remain different for chromium and for iron 
at all concentrations of the Fe-Cr alloy components (except for two, apparent- 
ly). Transition along the composition axis from the y to the @ solid solution 
is characterized by a sharp break in the Tmax VS Component concentration curve 
for iron. 

The demonstrated difference between the energy states of the chromium 
and iron atoms in the investigated range of concentrations of Fe-Cr alloys 


pa oN 
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Fig.6. Variation of n with the Cr 
Fig.5. Variation of 7max with the concentration in the alloy for 1) 
Cr concentration for 1) Fe and 2) Cr. Fe and 2) Cr. 


would appear to open a new approach to investigation of metals and alloys. 
The results of the present work point up the importance of detailed investi- 
gation of the fine structure of the electron energy spectrum of metals and 
alloys and the character of the changes produced in it under the influence 
of different factors affecting the energy state of the constituent atoms. 


Conclusions 


1. We obtained the KS group emission lines in the x-ray spectra of pure 
chromium and iron and the Fe-Cr alloys containing 4, 5.8, 8, 20, 30, 45, 50 
and 75% chromium by means of a bent crystal spectrograph and a special tube 
designed for recording the x-ray spectra of samples at elevated temperatures. 
The spectra were obtained by the method of primary excitation at a temperature 
of 1000°, employing the rocking crystal technique. 

2. The transition of chromium and iron into Fe-Cr alloys in the investi- 
gated range of component concentrations and transition along the composition 
axis from the y to the @ solid solution does not affect the position of the 
peaks of the Fe KB,, Fe KBs and Cr KB, lines. 

3. With increasing iron concentration, however, the position of the Cr 
KBs band peak is displaced to the side of longer wavelengths. The position 
of the short wavelength edge of the Cr KBs band, on the other hand, is dis- 
placed to the side of shorter wavelengthswith increasing Fe concentration. 

4. The width of the conduction band and the number of "outer" electrons 
per atom in the conduction band remain different for chromium and for iron at 
all concentrations of the alloy components (except, apparently, two). These 
quantities attain a minimal value for iron and a maximal value for chromium 
in the region of approximately equal concentrations of the two components 
in Fe-Cr alloys. 

5. The character of the determined variations in the width of the KB5 
bands of chromium and iron and of the position of the short wavelength edge 
of the Cr KB5 band may be regarded as evidence of complicated variation of 
the electron structure of the Cr and Fe atoms in Fe-Cr alloys with changes 
in the relative concentration of the alloy components. 

6. Transition along the composition axis from the y to the @ solution 
for iron is characterized by a sharp break in the curve characterizing the 
variation of 7max,the kinetic energy of the electrons in the conduction band, 
with the relative concentration of the components in the investigated Fe-Cr 


alloys. 
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7. The demonstrated differences in the energy states of the Cr and Fe 
atoms in the investigated range of component concentrations clearly indicate 
the need for further detailed investigation of the fine structure of x-ray 
bands particularly with a view to establishing the influence of various indi- 
vidual factors on this structure. We believe that the results of our work 
offer a new approach to establishing correlation between the physical proper- 
ties of metals and alloys and the structure of their energy spectra. 


Institute of Metal Physics, 
Academy of Sciences of the Ukrainian SSR 
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THE LBg AND Ly5 LINES IN THE SPECTRA OF Cu AND Zn 
- I.A.Rumiantsev & M. I. Korsunskii 


In the present report we give the first results of our investigation of 
the L series lines in the x-ray spectra of Cu and Zn. 

In free copper and zinc atoms the 3d shell is filled and the 3s electrons 
a8 valence electrons. In the solid state of these elements, however, transi- 
tions to the 4s level have not been detected. In the K series, transitions 
to this level are ruled out, while in the L series, they have not yet been ob- 
served. 

Inasmuch as the K series of Cu includes a KBo line corresponding to the 
KNIT, III transition, it is not clear whether there are electrons at the Ny 
level in Cu in the solid state. 

The purpose of our research was to determine whether Lyy yr Nz transi- 
tions exist in Cu and Zn in the solid state. In this connection it may be re- 
called that in the case of germanium, as is evident from the work of Borovikova 
& Korsunskiil, these transitions do exist and the lines corresponding to them 
are very intense. 

The LBg line is associated with the transition from the Lyyqt to the Ny 
level, while the Lys line is associated with the Lyy;—-Ny transition. 

The LBg and Ly, lines in the spectra of germanium are located rather 
close to the LQ] ,2 and If; lines, respectively. Hence we reasoned that these 
lines in the spectra of Cu and Zn will also be close to the Lo ,2 and LB1 
lines. Consequently, we investigated the L spectra of Cu and Zn in the regions 
close to the Ld 2 and L6, lines of these elements. 

The Cu and Zn L series spectra have been studied by a number of investiga- 
tors2-§, but the L6g and LYs lines were not observed. Different investigators 
report different line shapes for the LQ) 2 and 16; lines of Cu and Zn. The 
disagreement as regards the general appearance of the spectra may be due to 
the fact that the different investigators used different excitation conditions, 
i.e., the divergences may be due to the formation of compounds - in particu- 
lar, oxides - on the surface of the specimens. 

In view of this we decided first to investigate the variation in appear- 
ance of the Cu and Zn spectra with the excitation conditions. The diverse 
excitation conditions employed differed primarily as regards degree of heat- 
ing of the anode and duration of its operation. 

The spectra were recorded photographically on a bent crystal vacuum 
spectrograph (see Ref.1). In investigating the spectra of Cu the anode was 
made of electrolytic copper. The zinc was used in the form of plates 2 mm 
thick mounted on the copper anode and also in the form of a thin layer sput- 
tered on the anode surface. 

The tube voltages used were 5 to 7 kv; the current values 10 to 15 ma; 
the exposure times 2 to 6 hours. The temperature of the anode was monitored 
by means of a copper-constantan thermocouple. A vacuum of 1.2-1.5°1075 mm 
Hg was maintained. The spectrograms were measured on a recording MF-4 micro- 
photometer. 

Our measurements showed that the shape of the Lo ,2 and Lp, lines of Cu 
depend on the excitation conditions. Under some conditions the Ld ,g and 
LB, lines are double; the 'second" line is characterized by a strong depend- 
ence of its intensity on the excitation conditions. 

The photometric curve of the L series spectrum of Cu obtained at a 
rather low temperature of the anode (about 100°) is shown in Fig.l. It 
will be evident that there is noticeable doubling of the Ld 2 line. We 
believe that the second (the shorter wavelength) line is the L6g diagram 
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Fig.l. LO 2 and LB, lines of Cu. 
Fig.2. Loy ,2 and LBg lines of Cu; sample partially oxidized. The high intens- 
ity of the IV Ca KQ] 2 line is due to the large amount of calcium salt applied 
to the anode. 
Fig. 3. 161 ,2) IBe, LB, and L75 aan oe ae surface of sample appreciably oxi- 
zed. 


line, i.e., the line due to the 
Lyzy—*N,; transition. Similarly 
the LB, line in the spectrum is 
also split; we identify the short 
wavelength component of this 
line as L75. 
Mn The decrease in intensity 

\ of the LB¢ and Lys lines (rela- 
tive to the intensity of the 
Ld ,2 and L6, lines, respectively) 

10 eN 


with increasing oxidation of the 
surface of the sample (Figs.2 & 3) 


Fig.4 Fig.5 is explained by transfer of the 
4s valence electrons to the oxy- 

Fig.4. LQ1,2 and L6g lines of Zn. gen. 
Fig.5S. Lay ,2 and LBg line of Zn; sample The Mry v—Ny energy inter- 
partially oxidized. val as evaluated from the rela- 


tive positions of the LQ) 9 and 
IBg lines in the spectrum is about 4.5 ev which is consistent with the’ expect- 
ed value. 

Fully analogous results were obtained for zine (Figs.4 & 5). In this 
case the brightest IBg and LYs5 lines were obtained under conditions of best 
cooling of the Zn surface (the layer of zinc sputtered on the face of the 
copper anode). In the case of zinc the M y—Ny energy interval as evalu- 
ated from the line positions is about 5.5 ev. 


een 
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Conclusions 


1. The shape of the L spectra of Cu and Zn is strongly dependent on the 
excitation conditions. In view of this, all the data in the literature re- 
garding the L series x-ray lines of the middle atomic number elements (i.e., 
from Fe26 to Br35) require verification. 

2. The LBg and Lys lines, corresponding to transitions from the Ny level 
to the Lyyy and Lyy levels, respectively, were observed and identified in the 
emission spectra of copper and zinc. 
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L SERIES X-RAY SPECTRUM OF GERMANIUM 
- G.P.Borovikova & M. I. Korsunskii 


It is a familiar fact that transformations of a material to different 
physical and chemical states are accompanied by changes in the state ye eh 
atoms. Changes in the energy state of the electrons in the atoms mus e 
evinced in the structure of the corresponding x-ray spectral lines. Of great- 
est interest in spectroscopy of the solid state are the spectral lines as- 
sociated with transitions of valence electrons whose energy states are sub- 
ject to the greatest alterations incident to transition of the atoms of the 
material from one state to another. In view of the fact that the energy dis- 
persion increases with increasing wavelength, the lines most suitable for in- 
vestigation in the case of elements in the intermediate range of atomic nun- 
bers (Mn25 to Mo42) are the lines of the L series. 

The wavelengths of the L series lines of these elements lie in the 5 to 
18 A region. This region can be investigated by means of mica crystal spectro- 
meters, characterized by high efficiency and good resolution. 

It must be noted that investigation of the L series lines of the elements 
from Mn25 to Mo42 is highly important. The L series contains three sublevels 
(the 2s and 2p states); hence investigation of the electron transitions giving 
rise to the L series can yield detailed information on the level structure. 

In particular, there may be detected the Lyy—-Ny, Lyyy—Ny and by NI1, UT 
transitionsinvolving valence electrons (in the group of elements from Mn 
through Ge32 transitions of valence electrons to the K level are forbidden). 
Unfortunately, the L series spectra of the group of elements extending from 
Mn25 to Br45 have not been fully investigated. 

It is evident from the L series wavelength table for the elements from 
yttrium to copper given in Blokhin's book! that the Lp6 and Lys lines corre- 
sponding to Lyzy-»Nyz and Lyy;-*N; transitions do not appear in the spectra of 
copper, zinc, gallium, arsenic, germanium and selenium. The L72,3 line corre- 
sponding to the Ly~Nyy 117 transition is also absent from the spectra of 
these elements. Investigators have failed to observe the I63 and 164 lines 
in the spectra of gallium, germanium and selenium, which appears surprising 
since these lines are present in the spectra of the neighboring elements. 

Even more surprising is the absence of electron transitions from the Ny to 
the Lyy zrz levels (L75 and Lg lines). 

The purpose of the present work was investigation of the L series lines 
of the x-ray spectrum of germanium. Germanium was chosen inasmuch as in the 
free Ge atom the Ny; level must be completely filled. 


1. Apparatus and Procedure 


The x-ray L series spectrum of germanium was obtained by means of a Kras- 
nikov type? tube for fluorescence analysis. We cannot, however, assert that 
the spectrum was a purely fluorescent one inasmuch as a certain if rather 
small number of electrons still impinged on the secondary anode. The direct 
current amounted to 1/20 of the total current through the tube and equaled 
0.5 ma. So low a current with a wide focus and intense cooling with circu- 
lating water could not appreciably heat the secondary cathode on which the 
sample was mounted. The temperature of the material was measured by means 
of a thermocouple whose hot junction was in direct contact with the anode. 
In our experiments the temperature of the germanium did not exceed 50-60°, 

The primary anode of the tube was covered with aluminum plate. The 
principal exciting x-radiation was that of the Al KQ and KQg lines whose 
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wavelengths are 8321.37 and 8323.82 X, respectively. Owing to the location 
of the secondary anode near the crystal inside the focal circle, the entire 
focal spot area participated in formation of the spectrum. The tube was oper- 
ated at 3.5-5 kv and 10 ma. The radiation was dispersed and analyzed by means 
of a high-vacuum bent mica crystal spectrograph. The dimensions of the crys- 
tal were 10 x 40 mm; the radius of curvature was 990 mm. A vacuum of 5-6-1076 
mn Hg was maintained in the common system of the spectrograph and tube. The 
spectra were photographed on Agfa Isopan film. The film was shielded from 
stray radiation by 2 pp thick aluminum foil. The photographed spectra were 
scanned by means of a recording MF-4 microphotometer. 


2. Experimental Results 
A. The 163 and L684 lines in the Ge spectrun. 


The wavelength of the possible L83 line of Ge was found by plotting X vs 

Z; interpolation yielded a value of 9570 X. 
Accordingly, in photographing the x-ray spectrum with a view to detecting 
the LB3 and 164 lines, the spectrograph 
8, was focused for this wavelength, In 
all. the photographs in this region of 
; the spectrum, obtained under different 
excitation conditions, (voltage from 3.5 
to 5 kv, current 10 to 16 ma, exposure 
hy time 9-12 hours) there appeared two lines 
in close proximity to each other (Fig.1). 
The wavelengths of the LB3 and L6q4 lines 
as evaluated from the photometric curves 
proved to be 9561 and 9620 X. The line- 
ar dispersion in this region of diffrac- 
tion angles was 35.4 X/mm. The refer- 
ence lines were the Ka and KB, lines 
of calcium in the third order. The cal- 
cium was used in the form of the compound 
CaCO3. In calculating the wavelength 
an appropriate correction was made for 
deviation from the Bragg law. The tem- 
Fig.l. Investigated region of perature correction was less than 0.1 X 
the L spectrum of germaniun. and hence was neglected. The error in 
determining the wavelength was estimated 
to be ~2 X. Comparison of the determined wavelength values with the tabular 
wavelength values for all elements (in all possible orders) showed that the 
detected lines do belong to germanium. This was further substantiated by the 
fact that the investigated single-crystal germanium samples were of a high 
degree of purity. 

It will be evident from the photometric curve of Fig.1 that the shorter 
wavelength line is more intense than the longer wavelength one. It is known 
from the data in the literature that the shorter wavelength 163 line (Lj— 
—Mrrp is the more intense line of the 1B 3-164 doublet; its intensity is 
approximately 1.5 times greater than the intensity of the longer wavelength L64 
line, corresponding to the Ly—Myzy_z transition. Inasmuch as the wavelength 
of the shorter wavelength line was the closer one to the wavelength obtained 
for LB3 by interpolation, we took this more intense line at 9561 X to be the 
183 line of germanium and assumed the less intense line at 9620 X to be the 


L684 line. 
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It should be noted that with this jdentification of the observed lines, 


the doublet separation in germansue proved Lome Fe ee ee et 
be expected. In elements heavier than germanium, beginning ee z ee 
wavelength difference between the lines of the LB3-LB4 doublet is ie 

experimental value is 9620 - 9561 = 59 X. It must be borne in mind, ee oe 
that germanium is not far from the group of elements ne which the M shel e- 
comes filled; consequently, in this group the separation between the Myy and 
Myzz levels may actually be somewhat greater than the usual value character- 
istic of heavier elements. 

It is difficult to establish the ratio of intensities of the LB) line to 
the L83-LB, doublet inasmuch as there is an appreciable difference in the 
densities of the respective lines in the spectrograms. At a density of the 
LB3-L84 doublet sufficient to allow of photometry, the LB, line is overexposed. 
Hence we evaluated the ratio of these intensities of the L63-LB, and LB, lines 
only by recalculating the intensity of the L6) line on the basis OLAS ex- 
posure times for a photograph in which all three lines were discernible and 
a photograph in which the density of the LB, line was equal to 0.44. Accord- 
ing to this evaluation the intensity ratio of the LB3 to LB, lines is 0.13. 

As noted above, the intensity of the LB4 line is about 1.5 times less. It will 
be clear therefore that the relative intensities of the doublet lines are very 
low. In view of this low intensity of the lines and the appreciable back- 
ground present in the case of primary excitation, it is not surprising that 

- previous investigators did not succeed in detecting these lines. 


B. The L686 and L75 lines in the Ge spectrum 


The reported absence of the LBg and Ly5 lines from the spectrum of ger- 
manium makes it questionable whether there are any electrons at the Ny level 
in the solid state of germanium. Inexplicable, too, is the absence of the 
LY2,3 line, inasmuch as the KB9 line (KNIT, 11D has been observed in the 
spectrum of germanium and its wavelength measured with relatively high ac- 
curacy. The existence of the K—~-Nqq, III transition proves that there are 
electrons at the Nyy zz levels of germanium, making the reasons for the pre- 
sumed absence of electrons from the N; level even more obscure. 

In the present investigation we searched the L series for the L686, L¥5 
and Lyg,3 lines with a view to determining whether the LiyrI—?Ny, LyNz and 
LI--NII, 111 transitions occur in solid germanium. Even visual examination 
of our photographs of the IQ] ,2 and LB, regions of the spectrum showed that 
they differed radically from the spectral photographs given in the literature, 
in particular from the photographs of Gwinner®? who investigated the depend- 
ence of the shape of the LO, » and Lf) lines and their satellites on the char- 
acter of the bonds. Gwinner’s studies were carried out by means of a spectro- 
graph with a plane mica crystal and an ionic tube with hydrogen cooling and 
a sharp focus. The linear dispersion of his instrument was 55.2 X/mm. He 
investigated metallic germanium and Ge0o. 

Gwinner established that for metallic germanium and GeOo the Loy o and 
LB) lines are single symmetric lines with satellites on the short wavelength 
side. The intensity of the satellites with reference to the main lines de- 
creases in going from metallic germanium to GeO5. In addition, he noted 
that the satellites in pure germanium are sharp, while the satellites in Gedo 
are diffused; moreover the q' and q' satellites in GeOg are not separated, 
i.e., appear as one satellite, whose distance from the main line agrees with 
the mean distance for q@' and q' for pure germanium. 


PALES 
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The La ,2 and L6, lines in the spectrum of 
pure single-crystal germanium obtained by us ex- 
hibit a distinct doublet character (Fig.2). The 
intensities of the satellites of the Lay 92 and 
L8) lines (for the purpose of the present dis- 
cussion we designate them as Loy and LB,, re- 
spectively) are comparable with the intensities 


Fig.2. Enlarged photograph of the main lines (Fig.3). There is no descrip- 


of the LQ ,2 and LB, lines tion in the literature of such sharp and intense 
in the spectrum of germanium. satellites of the Ly 9g and Lf lines in metallic 
germanium. ; 

Whereas the failure of 
the earlier investigators to 
detect the L863 and LBq lines 
in the spectrum of germanium 
could be explained by the low 
intensity of these lines, we 
felt that the reported absence 
of such bright lines was dif- 
ficult to explain and required 
further investigation. In 
order to verify the actual ex- 
istence of the detected Lo, and 
LB, lines, we photographed 
the LO] ,2 and LB, section 
of the spectrum under differ- 
ent conditions of excitation 
and using different exposure 
times. The spectrum was ex- 
cited at a potential lower 
than the excitation potential 


=<=¢—_————— } 


Fig.3. Photometric curve of the Lay 2 and for the K series, but some- 
18, region of the Ge spectrum. Magnifica- what higher than the minimal 
tion 4X. excitation potential for the 


L series: specifically, volt- 
ages of 3 to 5 kv, currents of 10 to 16 ma and exposure times from 2 to 4 
hours were used. The doublet character of the LQ] 92 and LB; lines was evident 
in all the spectrograms. The maximum blackening of the spectral photographs 
was relatively low. The blackening density for LB, was 0.34, that for LQ] ,2 
was 0.51. 

An enlarged photograph of the LQ] ,2 and LB, section of the spectrum ob- 
tained at a voltage of 3.5 kv, a current of 10 ma and exposure time of 3 hours 
is reproduced in Fig.2; the corresponding photometric curve is shown in Fig.3. 
It will be evident from the photometric curve that the double lines are asym- 
metric and that the assymetry indicates that the satellites are wider than the 
corresponding main lines. 

In view of the relatively high intensity of the Lo, and LB, lines it may 
be asserted that these lines cannot be satellites but must be diagram lines. 
Inasmuch as the only possible diagram lines in this region of the spectrum are 
the LB6 and L7s5 lines corresponding to the Lyyzyz—Nyz and Lyy—Ny transitions, 
we felt it necessary to check further whether the detected Lox and LB, linex 
were not actually I8g and L75. If the LyyI--Ny and Lyyz--Ny transitions do 
occur, these two lines must appear in the germanium spectrum at energy posi- 
tions characterized by the following relationship: 
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Eig ~ Fioy,2 = Buys ~ "161° 


We found that this relationship does hold 
for the detected Lx and LB, lines. To verify 
| | | ds this we extrapolated the value of the energy 
| [ difference AE between the Ny; and Mry levels for 

lal elements from Rb37 to Mo42. Unfortunately, 
‘aaa there are no data in the literature on the 
energy of the Nz level in elements closer to 
at germanium. The AE vs atomic number plot is 
ig shown in Fig.4; it will be seen that the energy 
hea difference between the NI and Myy levels de- 
| pl creases approximately linearly with atomic num- 
we | kK ber for this group of elements. 
‘4 | Thus large values of AE should obtain only 
- + for elements far from germanium, while for ger- 
\L ee manium and elements close to it AE should be 
ee small and, consequently, the L8, and Lys lines 
ell ae should be close to each other in the energy 
Stee a scale. The experimental value of AE found by 
onl” allie Abin us for germanium was 4.9 ev. This value for 
i nk EY oe ey ty eee OE is in good agreement with that obtained by 
extrapolation of the AE = f(Z) curve. 

Fig.4. Variation of the We found that the ratio of the “satellites” 
energy difference AE be- to the main line intensities depended strongly 
tween the Myy and Ny levels on whether the given specimen had been exposed 
with atomic number. to electron bombardment. After a sufficiently 
prolonged exposure of 
the germanium single 
crystal at a vacuum 
of 1-1074 mm, the in- 


L 
XL; 9 


Lg tensity of the LQ, and 

LB, lines fell off ap- 

preciably relative to 
the intensity of the 
Ih, LQ ,2 and 16, lines. 

1 oi \ We attributed this 
’ Wate itee decrease in relative 


\ intensity of the La, 
( and L6x lines to gradual - 
Fa Way oxidation of the german- > 

; ium surface. For the 
can purpose of checking this. 
aes. inference and clarify- | 


ing the influence of 
Fig.5. Photometric curve of the Loy 9 and L6 the chemical bonds on 


section of spectrum of GeO9. Magnification 4X. the detected Loy and 
IBx lines, we investi- 
gated the x-ray spectrum of GeO Ph i 
2° otometric curve for thi = 
produced in Fig.5. F te ae ceed Ke 
From a comparison of the figures it will be evident that the spectrum of 
GeOo differs markedly from the spectrum for pure single crystal germanium ob- 
tained by us (Fig.3) and is very similar to the spectrum obtained by Gwinner3 
for metallic germanium (Fig.6). The intensity of the Lox and LB, "satellites" 
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is sharply reduced in the spectrum of Ge05. 
This decrease in the intensity of the Loy 
and LBx lines in the spectrum of GeOo can 
be explained by the absence of electrons on 
the Ny level of germanium atoms bound in 
Ge05. In GeOo the germanium is tetravalent 
and the bonding of the germanium atoms with 
the oxygen atoms is realized by the trans- 
ition of four germanium atoms from the Ny 
and Nyz rrr levels to the oxygen atoms. 
Consequently, the Ld, and LB, lines should 
vanish from the spectrum of Ge0o, i.e., 
only the short wavelength satellites of the 
LQ] ,2 and L6; lines should appear next to 
these lines in the spectrum of Ge0o. 

Thus the fact that the Lady and LB, 
lines are present in the spectrum of pure 
germanium and absent from the spectrum of 
GeO9 gives reason to assume that these lines 


Ce 


SS 
= 
S 


Ged, xs 


Fig.6. Spectra of metallic ger- are associated with the Lyyy—Ny and Lyy—> 
manium and GeO» according to —»Ny transitions, that is, that they are 
Gwinner3, actuaily the LSg and Ly5 lines. 


As noted above the KB9 line, correspond- 
ing to the K—NjJ1I,111 transition has been observed in the spectrum of german- 
ium in the solid state. We observed a line having a wavelength of 9709 + 5 X 
in the L spectrum of germanium; as regards position, this corresponds to the 
LY2,3 line associated with the Ly-»Nyy yyy transition. 

The presence in the spectrum of solid germanium of the KB2 and LY2,3 
lines, associated with transitions from the Nyz yyy levels gives reason to 
assume that there should be L lines connected with transitions from the Ny 
level in the spectrum of Ge. In view of all the above, it may be asserted 
that our Lay line is L§g and our LB8x is L7¥5. We determined the wavelengths 
of these lines from the photometric curves and obtained 10365 X for L®6 and 
10103 X for L7s5. 

The dispersion in the given spectral region was about 32 X/mm. The 
reference lines were the Mn KQ] and KQ@p lines in the fifth order and the Cu 
Kd, and Kg in the seventh order. In calculating the wavelength we intro- 
duced the requisite correction for the deviation (due to refraction) from 
the Bragg law. The uncertainty is evaluated as ~2 X. 

It should be borne in mind that the radiation of the L series spectrum 
is emitted from a surface layer some 10-5 cm thick. The absence of the 166 
and L7Y5 lines in the spectrum of metallic germanium obtained by Gwinner3? and 
other investigators4 can be explained by the formation of a thin oxide layer 
on the surface of the germanium during excitation of the spectrum. 

From our results it may be inferred that the apparent absence of the L866 
and L7¥5 lines from the spectra of elements from Mn2° to Ge32 may be due to oxi- 
dation of the metallic surface in the process of excitation of the x-ray spectra. 
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EXTERNAL SCREENING AND THE FINE STRUCTURE OF X-RAY SPECTRA 
- S.M.Karal'nik 


In a report presented at the Fifth Conference on the ADD oe of X- 
rays to the Investigation of Materials we pointed out the mid ek BANS of taking 
into account variations in the degree of "external screening (screening of 
the inner electrons by the outer electrons) incident to changes in the charac- 
ter of the atomic bonds in alloys, where interpretation of observed changes in 
the x-ray absorption spectra of the alloy components is concerned. 

Our argument was based on the assumption that there is a small but finite 
probability of finding an outer electron in the region of the inner electron 
shells. By virtue of this the outer electrons can screen the interaction be- 
tween inner electrons and the atomic nucleus to a certain extent. The degree 
of such screening varies with the strength of the interatomic bonds due to 
the participation of the outer electrons. In consequence the effective in- 
fluence of the nucleus on the inner electrons of the atom changes and this is 
evinced in the characteristic fine structure of the atomic x-ray spectra. 

The present report is an attempt to develop this approach to interpreta- 
tion of the fine structure of x-ray spectra, an approach that might prove use- 
ful for understanding the changes in the x-ray spectra of components not only 
of metal alloys but of substances having other types of bonds as well. 

As the first step we must evaluate the magnitude of this screening for 
different electrons of the atom. Such an evaluation - true, rather approxi- 
mate - was carried out in Ref.2.* For describing the electron states in the 
atom we utilized the radial part of the Bethe3 hydrogen-like function construct- 
ed for different electrons: 


4 
Rn (7) Sorerat) V (n—U—1)!2n\ n 


/ yt (275 oe 
teen ld yew (=) F[~ (w—1—1), 21-42, 227], (1) 
where F(«,$, xz) is a hypergeometric function. After substitution of dimension- 


al quantities we obtain 


oe / (Sa Ek Seer eae) : oy 
Ru= opi yas ae a (ZV F|—@—i-1), 2142, 2], (2) 


where dni = apf 7" is a quantity dependent on the effective value of the nuclear 
charge for the corresponding atomic electron. It is determined from an ex- 
pression deduced by analogy with Bethe's equation for the radius of the Bohr 
orbit of a hydrogen atom: 


2 
r? — 57, ap [5n® +1 — 31 (2 + 4)]; (3) 


in our case 


9 n2 x 
73) = 2 ah, (Sn? +41 —31(0 4 1), (3) 


The value of rn, was determined according to Slater?: 


° 
n*2 


Tn — ga 


where 7° and Z’* 
veange/. The fa; values for Z = 26 determined in this manner are: 


*The work was carried out at the suggestion of M.A.Krivoglaz. 
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Pee eA, Te, 0.020 A, roo = 0.326-A. 
Tope Ton 01098 AY 'y,, == 0.021 A. 


Substituting these values in Eq.(3'), we determine ay. 
r ik 
Further we calculate | 7°Rudr. the probability that the nj electron will 
1) 
be inside a sphere of radius 7jx. Finally, we determine the fraction of the 
charge of the n/ electron in the volume of the sphere of radius 7ix- 
Numerical calculations carried out in this manner led to the values 


listed in Table 1 for the charges of the various outer electrons in the indi- 
cated inner shells of a Z = 26 atom. 


Table 1 
I 
Outer | innen electrons 
electrons | .. | ae i 
i | PAS ons H 2p 3p 
| 
2s  } —0,0445 0,63 | 0,999 0,634 0,999 
3s |  0,0325 0.0445 | 0,69 0.0445 | 0,65 
4s | 0,001 (0,007) 0.003 0.036 0.003 0.936 
2p | — 0,0055 0,63 0,999 joe0n63 0.999 
3p | 60,0002 0,088 0,594 } 0,088 | 0,594 
3d |  1,5-10-7 0,008 | | 


The values listed in the table must be regarded as only indicative, not 
only because the hydrogen-like function approximation was used in obtaining 
them, while the radius of the corresponding inner shells was taken according 
to Slater for isolated atoms (the latter approximation, for example, affected 
the value of the screening of the 1s shell by the 4s electrons, for which, if 
we take the atomic radius of iron, ~1.3 A, as the radius of the 4s shell, we 
obtain the charge value of 0.007), but also due to the fact that for a complex 
atom, where there are many electrons, the external screening is undoubtedly 
characterized by qualitatively new, as yet unknown traits. Inasmuch, however, 
as at present we do not have more accurate data*, we shall continue to use the 
present values, since they are suitable for qualitative comparisons and allow 
of drawing certain interesting and helpful deductions. r 

At this point it is appropriate to emphasize the important circumstance 
that the magnitude of the external screening proves to be finite even for 
peripheral electrons having a large principal quantum number. If these are 
s symmetry electrons, for example, they will screen even the "deepest" 1s 
shell and the degree of screening will increase with decreasing value of the 
principal quantum number. The p shell electrons do not produce such screening 
of the "deepest" shell at large values of their quantum number. Further, 3d 
type electrons do not screen the 1s shell electrons although they do screen 
the other inner shells to an appreciable extent. Thus the outer electrons of 
different shells screen the inner electrons of the atom to different degrees. 

In the condensed state of the material the atoms are already interbound. 
Regardless of the type of the interatomic bond, it leads to a redistribution 
of the electron density with a resultant change in the degree to which a given 
outer electron "belongs" to its original atom. Here we can distinguish dif- 
ferent cases: "withdrawal" of outer electrons from the atom, i.e., excitation 
of the outer electrons to higher energy states, "penetration" of the outer 

*It has been suggested that more accurate results can be obtained by 
using the Thomas-Fermi method. 
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electrons to deeper inner shells of their own atom, transfer to some extent 

of the electrons into the possession of the other component atoms, the part- 
ners in the bonds (this does not necessarily mean complete liquidation of the 
binding of these electrons with their own atom) or entry of the outer elec- 
trons into the collective possession of a number of neighbors, Stee te all 
these cases, together with the changes in the degree or manner in which the 
outer electrons are involved in the bonds, there occurs a change in the magn 
tude of the screening by them of the inner electrons, i.e., the electrons which 
are primarily responsible for the x-ray spectrum. This is why, in our opinion, 
x-ray spectra are "sensitive to changes in the interatomic bonding realized 
by the outer electrons. We must emphasize that participation in the bonding 
of electrons of different symmetries (for example, s, p or d) will be evinced 
in different ways in the fine structure of the x-ray spectra. Thus, for ex- 
ample, "withdrawal" of 4s electrons from an atom will be accompanied by a re- 
duction of the screening by them of the 1s electrons (as well as of all the 
others) which will lead to stronger binding between the latter and the atomic 
nucleus; this in turn will result in lowering of the K energy level as com- 
pared with its position when the 4s electrons are not involved in the inter- 
atomic bonds or participate in them to a lesser extent. 

On the other hand, the transfer of an electron to a given atom incident 
to a change in the nature or strength of the interatomic bonds and its "adop- 
tion'’ by the atom in the ns form leads to an increase in the degree of screen- 
ing of the inner electrons and hence to a decrease of their binding with the 
nucleus of their atom, which in turn leads to a rise of the energy levels of 
the atom compared with their position prior to the arrival of the additional 
electron. A different situation arises when a 3d electron enters into the 
bonding and is thus removed from the atom. Inasmuch as the 3d electrons 
screen all the inner electrons, except the ls electrons, all the energy levels 
(except the K level) will be "lowered" to a certain extent. The opposite 
occurs in the case of filling of the 3d shell (for example, in transition 
elements): all the energy levels (except the K level) are "raised" to a cer- 
tain degree. The energy separation between the other levels and the K level 
is reduced in the former case and increased in the latter. The x-ray photons 
emitted or absorbed as the result of electron transitions between these levels 
will be less energetic in the former case and more energetic in the second, 
as compared with the photons emitted when the 3d electrons do not participate 
in the bonds. In other words, the associated x-ray spectral characteristic 
will be shifted to the side of longer or shorter wavelengths. 

The examined four cases are characterized in Fig.1 in which the energy 
levels of atoms with atomic numbers 
Z- 1, Z@ and Z + 1 are shown schemati- 
cally; the level positions for the four 
cases considered are designated by the 
figures? 1 27031 and: 4} respectively. 

The effect on the x-ray spectrum 
of involvement of np electrons in the 
bonding is analogous to that when ns 
or 3d electrons participate in the inter- 
: atomic bonds, the extent of the effect 
Fi V4 2+! depending on the degree of screening 

produced by them. 


Fig.l. 


| 
| 


} 
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There may also be a cumulative or total effect. For example, we can im- 
eeine the formation of interatomic bonds in which the 4s electrons will be 
excited and become 4p electrons. In this case, in view of the disappearance 
of the 4s electrons, all the levels in the atom will be lowered, while due to 
the fact that there appear 4p electrons, all the levels (except 1s) may be 
raised; thus the total energy difference between the K level and the higher 
levels will be increased with the result that the x-ray spectral character- 
istics will be shifted to the side of shorter wavelengths. An analogous re- 
sult will obtain in the case of transition of 4s electrons to the 3d (defect- 
ive) shell of their own atom. The energy difference between the levels in 
this case may become greater than in the case of simple removal or ejection 
of 4s electrons. 

The magnitude of the change in the energy separation (and, consequently, 
the magnitude of the displacement of the x-ray spectral characteristics in 
the frequency scale) with a given type of interatomic bonds will be the great- 
er, the stronger the interatomic bonding. Apparently, an increasing degree 
of involvement of an electron in the bonding and an increase in the number of 
electrons of a given symmetry in the bonding with a lesser degree of involve- 
ment of each one lead to similar results. Thus in many cases an increase in 
the magnitude of a given change in the x-ray spectral characteristics, i.e., 

a shift of structure features to the side of shorter or longer wavelengths, 
may occur in parallel with changes in the strength of the interatomic bonds. 

We note in passing that the above may offer an approach to physical inter- 
pretation of Kunzl's rule. 

For the purpose of illustrating what has been said above let us turn to 
some experimental data such as those recently compiled by Faessler®. 

Experimental data relative to the displacement of the K edge of an ele- 
ment in its compounds can be used for determining the magnitude of the extern- 
al screening. Thus if we have a monovalent element, in the case of ionic 
ponds there will be a maximum withdrawal of the outer (valence) electron from 
its atom (cation), so that in this case the external screening of the ls shell 
by this electron vanishes and the displacement of the K edge resulting from 
bond formation will be maximal. If the element in the given compound is multi- 
valent, the total displacement of the K edge will be due to the removal of all 
the valence electrons. The magnitude of the displacement referred to unit 
valence and divided by the difference in energies of the K level of the given 
element and the neighboring element in the Mendeleev periodic table* will give 
us an indication or measure of the magnitude of the external screening per 
electron. 

Let us determine this quantity for a number of elements of the iron trans- 
ition group. For example, for vanadium the displacement of the K edge relative 
to its position in the pure element is 7.5 ev in VO, 9.7 ev in V903 and 15.5 ev 
in V205 (see Ref.7); thus the magnitude of the displacement referred to unit 
valence is 3.75, 3.23 and 3.1 (3.4) ev, respectively, or 3.4 ev on the average. 
The sought quantity is therefore 


fouter 3.4 ev 
——_ = ———- = 0.0065 
( 1s ) Sc) Gomaa520 kev 


Fe pais ai pece om one, a Came sean om pa Smet mn ite seas aes oven out am rat et, Sets Se OS) 


*If there appears an additional electron in the region of the K shell 
this is equivalent to having an element with atomic number Z - 1 (or if a K 
electron is removed, it will be equivalent to dealing with an element with 
the atomic number Z + l. 
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on above is the difference between the K level 


i ic table). 
energy for vanadium and the neighboring element in the are fee ‘is sie 
The values obtained in this manner for some elements or wW. xp 
mental data on the magnitude of the displacement of the K edge in compounds 


are available® are listed in Table 2. 


(the denominator in the expressi 


We see that for all the 
Table 2 elements of the iron group 


Magnitude of the we obtain for the screening 


Mean displace- 


ment of the K screening of the of the inner electrons by an 
jeuae Sa edge per unit 1s shell by one outer electron a value of the 

valence, ev outer electron order of 0.007. It is inter- 

eumoreegras ok gee EMR a esting to note that theoreti- 
Vanadium 3.4 0.0065 cal calculations for an atom 
Chromium 3.2 0.006 with Z = 26 yielded a value 
Manganese 4.0 0.007 of the same order of magni- 
Iron 4.5 0.008 tude (see Table 1). For 
Nickel Oe 0.008 sodium we obtain a value 
Sodium 4 0.018 approximately three times 


greater than for the other 
elements, but this is under- 
standable inasmuch as the outer electron participating in the bond in the case 
of sodium is the 3d electron which screens the inner electron to an appreciably 
greater degree than a 4s electron. Again the value here is of the same order 
of magnitude as that obtained by theoretical calculations (see the value for 
3s electron screening of the ls inner shell in Table 1). 

It is important to note that while the absolute value of the external 
screening by the peripheral electrons is much smaller for the deeper shells 
than for those further out from the nucleus the actual magnitude of the dis- 
placement of the deepest levels may be appreciable because the absolute value 
of the energy of the deeper levels is considerably greater than that of the 
outer ones. Thus, for example, for Z = 26 we have Ex/E;, = 9, while Ex/Ey = 
= 100. Hence, although the magnitude of the external screening of the K shell 
for a 4s electron amounts to only approximately 0.01, upon the removal of the 
electron the K level will be displaced by 0.01 x 520 ev(the energy difference 
between the K levels in two neighboring elements) or about 5 ev. On the other 
hand, calculation of the screening of the M level by a 3p electron yields a 
value of 0.6 x 4 = 2.4. In other words, we find that the experimentally ob- 
served shifts of the K edges are due to an appreciable extent to changes in 
the position of the deeper levels of the atom even though the actual magnitude 
of the change in energy of these levels as compared with their absolute energy 
is minor. 

Xk * 
* 


7 The data listed in Table 3 substantiate the fact that in the case of 
strong bonds, as a rule we observe a greater displacement of the K edge of 


the component relative to its position in the pure element than in the case 
of weak bonds. 


- ~ 
SL SS SS SS SD es OS Se pS YG Se 


*The tacit assumption that in the compounds of these elements the same 
sort of screening obtains for the 3d electrons as for the 4s electrons stems 


from the familiar concept of overlapping of the 3d and 4s levels in transi- 
tion elements. 


mh ky 
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Table 3 The same direction of the shift of 
the K edge for cations and anions with in- 
creasing strength of the interatomic bonds 
Bond Wavelength can in a number of cases be explained by 
Substance | energy of K-edge the fact that the cations give up s elec- 
Keal g/mol} aS comp. X trons, while the anions add electrons to 
— their 3p shells. As we indicated above, in 
Namet 11545 (11516) both the former and the latter cases the K 
Nene te pee absorption edge must be displaced to the 
NaF 15 11501 side of shorter wavelengths. Analysis of 
NaCl 182,7 11501 .6 other data® shows that the K edge of the 
Ket “eh ee cation is shifted most strongly to the side 
KBr 156 3427.9 of shorter wavelength in the solid and into 
s 154 aad the region of long wavelength in the gaseous 
KCl 164 4385.0 state. This is the situation obtaining in 
RbCl 457 4385 ,2 the case of NaCl. The K edge of chlorine in 
ee a Bie the solid state is displaced to the side of 


decreasing concentration. 


shorter wavelength, while in solutions it 
moves to the side of longer wavelengths with 


These facts also substantiate the rule formulated 


above to the effect that the greatest displacement of the absorption edge is 
observed when the bonding between the constituent atoms is strongest. 

The question of the quantitative relation between the magnitudes of the 
observed shifts of the K edge and changes in the bonding energy (sublimation 


energy) has been discussed earlier in Ref.1. Here we must again emphasize 
that it would be vain to seek a direct relationship between the shift and bind- 
ing energy inasmuch as the change in the position of the K edge in different 
types of compounds depends directly on the change in binding between the inner 
electrons and the atomic nucleus and this change in turn is only indirectly de- 


pendent on changes in the strength and character of the interatomic bonds. 

It is worth noting that in compounds of the transition metals the K edge 
of the metal is displaced to the side of shorter wavelengthsas compared with 
its position in the pure metal, while the KBs line is displaced to the side 


of longer wavelengths. 


sler® are given in Table 4. 

These facts can be explained by the circumstance that in these compounds 
not only the 4s but also the 3d electrons of the metal atoms are involved in 
the bonds; these electrons are "withdrawn" from the atom which, as is indicated 
above, leads to lowering of all the levels except the K level and hence to a 
decrease of the energy difference between the K and M levels, i.e., to a shift 
of the KBs line to the side of longer wavelengths. 


Some data relative to these shifts taken from Faes- 


This is shown schematically in Fig.2 


Table 4 where (1) represents the case of the pure 
metal, (2) the case of a compound in which 
Shift, ev only the 4s electrons are involved in the 
ee abi 8) age cone pemnaeaey Ne nana Tama bonds and (3) illustrates the case when both 
K-edge |Kfs line the 4s and 3d electrons participate in the 
bonds. It will be evident that in case (3) 
the KB, line may have a longer wavelength 
sige cle sha a and the K edge a shorter wavelength than in 
Fe,03 412\4 2-5 the pure metal (case BY 
NizOs | 9,3 —1,1 It must be noted that in some cases 


changes in the magnitude of the external 
screening may have a more noticeable effect 
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on the deep-lying inner levels than on 
‘ sina ea ' those further from the nucleus. Thus, 
for example, if as a result of formation | 

a of an interatomic bond, a 3s electron 
ie ae over into the 3p shell of the atom, 


there will be an effective change in 


the external screening of the ls shell 
Beea! but very little change in the screening 
g of the other inner shells inasmuch as 
Fig.2 these shells are screened almost to the 


same degree by 3s and 3p electrons. 
Whence we have the important conclusion that in the case of formation of some 
types of interatomic bonds one may observe a greater change in the K than in 
the L spectra. This may be the explanation of the fact observed by Seigbahn 
& Magnus (see Ref.7) that in elements from Z = 21 to 30 the magnitude of the 
frequency shift of the absorption edges and spectral lines of the L series 1s% 
appreciably greater(rather than smaller)than the shift of the K series lines. 

We used the above described approach for calculating the satellites in 
x-ray spectra”. Among other things we found that this made feasible a con- 
sistent, unified explanation of both short wavelength and long wavelength 
satellites. In the present article we have not touched upon such problems 
as the variation in width, intensity distribution and shape of x-ray lines. 
We feel that the described method of analysis should also prove useful in 
interpreting these detailed features of x-ray spectra. 

The proposed approach allows of interpreting the details of x-ray spec- 
tra, taking into account changes in the degree of external screening with 
changes in the strength and character of the interatomic bond. The precise 
ways in which these changes can and should be taken into account are as yet 
unclear, but there is reason to assume that just as the principal x-ray char- 
acteristics - the diagram lines and absorption edges - reflect the basic elec- 
tron distribution in atoms, the fine details of x-ray spectra furnish evidence 
of the finer aspects of the electron distribution in atoms and, in particular, 
of the "penetration" of outer electrons into the region of the inner electron 
shells. 

In conclusion I take this opportunity to express my gratitude to P.P.Kuz'- 
menko for discussion and valuable suggestions and Prof.S,.D.Gertsriken for his 
interest in the work. 
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FERROMAGNETIC IRON, COBALT AND NICKEL BASE ALLOYS 


MS IN 
ON THE STATE OF ATO - I.Ia.Dekhtiar 


One of the approaches to determining the electron structure of alloys 
of transition elements is through investigation of their magnetic properties. 
As a rule, however, such investigations allow of characterizing the electron 
structure in terms of a macroscopic quantity (for example, the magnetic mo- 
ment) representing an average over all the components of the alloy, but do 
not allow of determining the states of the individual atoms. 

In principle, the neutron diffraction method developed in recent years 
makes it possible to obtain information on the structure of the outer elec- 
tron shells of different atoms and, consequently, on the state of the differ- 
ent atoms. 

In scattering of neutrons by a disordered ferromagnetic alloy there oc- 
curs disorder scattering, appearing in the diffuse background. The intensity . 
of this disorder scattering by an alloy of given composition proves to be pro- 
portional to (ma—m))2, the square of the difference between the atomic moment 
of the alloy components. 1 If, on the other hand, we know the average magnetic 
moment per atom of the alloy from magnetic saturation data, i.e., if we know 


where C is the concentration of type atoms, then, as has been shown by Shull 
& Wilkinson! for the case of alloys of the Fe-Cr, Co-Cr and Fe-Ni systems, 
we can determine m, and Mp. 

Knowledge of the magnetic moments of the atoms of the different alloy 
components makes it possible to determine their states in terms of the fil- 
ling factors for the d vacancies.2 Until now, however, the filling factors 
q have been determined from the average magnetic moment per atom of the alloy 
by means of the formula 


dyg—m 


Te a ’ (2) 


0 


where d, is the number of d vacancies calculated per atom of the alloy in the 
free state by means of the expression 


dy = Cdoq + (1 —C) dyp. 


The values of doa and dop characterizing the electronic structure of the 
isolated atoms are known from microscopic data. For the purpose of determin- 


ing the filling factors of individual atoms one can make use of the analogous 
formula 


dj Gaaee 


eer peel (3) 
where m are the magnetic moments of the atoms of the different components of 
the alloy, which can be determined from magnetic neutron scattering. 1 

Thus using the data for the positive values of my, and ™, for alloys of 
the Fe-Cr system (also see Ref.3) and the known values for d,, namely, d = 
= 4 and dee, = 5, we computed the values of 7; for a number of Blioys“anutha 
Fe-Cr system; the results are shown in Fig.l. The dash line in the figure 
gives the filling factor values per atom of the alloy calculated according to 
Eq. (2) on the basis of the average atomic magnetic moments of the alloys of 
the Fe-Cr system, obtained from magnetic saturation measurements.4 The data 


ETS 
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of Fig.1 show that with increasing Cr 
concentration there occurs "filling" of 
the vacant d states in the atoms of both 
elements. At the same time there is an 
increase in the effective value of the 
filling factor g. Analogous conclusions 
can be drawn from the available data on 
Co-Cr alloys. 

A somewhat different picture is ob- 
tained for Fe-Ni alloys (Fig.2). In this 
case it is found that increase of the 
iron content up to almost 50 atomic per- 
cent does not change the filling factor 
for the nickel atoms but does lead to 


: a 7 -at, Cr an increase of the factor for the iron 
Fig.1. Variation of the d-vacancy atoms; at the same time the effective 
filling factors with the Cr concen- value of the filling factor varies in 
tration in Cr-Fe alloys. a more complex manner over the entire 

range of concentrations. 

+ a Another method of investigating the 
states of the component atoms in alloys 
of the given type is by studying their 

4 x-ray spectra; from these one can draw 


certain deductions regarding the elec- 
tron distribution. In an earlier con- 
tribution® it was shown that the dis- 
: eee | placement of the absorption edge in the 
| 

| 

| 


Beas 
es 


spectra of atoms in transition element 
alloys can be related with the effective 
value of the filling factor g. It was 
found that the shift of the K edges of 


a JO 60 m 10 at,.% Fe the alloys components to the same, short 
Fig.2. Variation of the d-vacancy wavelength side can be explained by the 
filling factors with Fe concentra- fact that in the process of fusion of 
tion in Fe-Ni alloys. the components the degree of "defective- 


ness" of the d states for atoms of dif- 
ferent types decreases and that the displacement of the edge is the greater, 
the higher the degree of "filling" of the vacancies of the atoms or the lower 
their degree of "defectiveness'. The last was determined by means of a formu- 
la in which use was made of the effective value of the filling factor q (see 
Eq. (2)), which made it possible to determine also a certain mean value of the 
defectiveness 


tae doh Sg) (4) 


If, however, one uses the now available values of 4g: for atoms of type i, 
Eq. (4) can be more accurately written in the form 


nai = doi (1 — qi). (5) 


Assuming in the first approximation that the magnitude of the displace- 
ment of the K edge (see Fig.3 for displacement of the K edge of Co in Co-Cr 
alloys) is proportional to the change in the degree of defectiveness in going 
from the pure metal to the alloy, one can use Eq. (5) for certain evaluations 


and comparisons. 
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Let us consider a binary alloy of 
composition C;+ Cj= 1. Let d,; and dy; 
be the number of vacancies in the d shells 
of atoms of types ‘ and / in their isolated 
(free) states, i and oj will be the fil- 
ling factors corresponding to transition 
to the condensed state of the pure metals 
and g; and 4; be the filling factors for 
the atoms in the alloy. Then the change 
in degree of "defectiveness" in going from 
the pure metal to the alloy for atoms of 
different kinds, according to Eq.(5), will 
iS be characterized by 
Fig.3. Variation of the dis- 
any sieae of the K edge of Co Ani = di (Gi — i) 
in Co-Cr alloys with the degree An; =-do; (9j== 93) 
of defectiveness. 


9 O5 40 aT 


(6) 


Assuming in accord with what has been 
said above that the displacements of the K edges of the components (in the al- 
loy with respect to their positions in the pure metal) 


AE; = kAn; and AE; => kAn;, (7) 


where k is a proportionality factor, we obtain 
AE; doi (9 a oi) 


v 


= = : 8 
PBB; ~ 45 (95— 903) Se 


From Eqs.(1), (3). and (8) we can deduce expressions by means of which we can 
evaluate the magnetic moments of the atoms in the alloy: 


pm =f [C;do; ( Gai) pC dy; (f= 93) 


whe wz  NCidoa (1 = Goi) = PCy: (A — Gos 
iT a. Cp a a 


The results of measurements of the positions of the K edges of nickel 
and manganese in Ni3jMn alloy brought to the ordered state by annealing at 
450° for 150 hours are listed in Table 1. In the table X is the wavelength 
corresponding to the K absorption edge and AE is the displacement of the edge 
relative to its position in the pure metal. 


Table 1 
State of the alloy | 
or metal | ANG »X 
ee past ai rei bene aes ome tania asoamenenaisenacanses toe cape oer srearenrssinsemaneies 


Alloy ordered at 450° and | 
slowly cooled | 


1483. 2910.15) 3.9 


For the ordered alloy, the average ferromagnetic moment ™ = 1.02 Hp - 
The values of the other parameters of interest are 


ABR, 
Ree Eun Ol ea Oy apg Os Lace Pune =e aes Coie 
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On the basis of these data we can evaluate m; and m; and then compare 
them with the measured values obtained from neutron scattering?, The data 
in Table 2 show satisfactory agreement of the values of 7; and m;, determined 


from displacement of the K edge and from neutron scattering. 


Table 2 


From neutron | From displacement of 
scattering the K edge of Mn 


3.17 


From displacement of 
the K edge of Ni 


From neutron 
scattering 


ere, 


It will be evident from the data of Ref. 5 that the displacement of the K 
edge of cobalt in Co-Cr alloys with variation in the degree of "defectiveness" 
is linear (Fig. 3) ; the maximum displacement is observed for the alloy of criti- 
cal composition Cy, for which ¢.1,,, = %. = 1. 

Then determining all the values of AE, for cobalt with respect to the 


maximum displacement of the K edge of Co in Co-Cr alloys (AE,,,,= 4.5 ev), 
we can, according to Eq.(8), write 
AE. dh (got 
Pos ieee (% Joi) : (10) 


es doi (1 a qoi) 


From Eqs. (3) and (10) we can evaluate the magnetic moment of cobalt 
atoms in Co-Cr alloys: 


m,=d,,(1 — Ge) Li Pa) (11) 


Mo, X-ray spectr. In our cases Cer = 0.73" and for cobalt 
dyji= 3 and %i = 0.43. Using the values of AE£;, 
given in Ref.5, we can be means of Eq.(11) cal- 
culate the values of m; for cobalt and compare 
them with the data obtained for some Co-Cr al- 
loys from neutron diffraction studies.** The 
results, shown in Fig.4, despite the approximate 
character of the calculations and the experi- 
mental errors, show satisfactory agreement be- 
tween the data obtained from x-ray spectroscopic 
measurement and neutron diffraction. 

A similar evaluation of the atomic magnetic 


a : ff : “4 moments of Fe in Fe-Cr alloys was made on the 
ee basis of Karal'nik's® investigation of the K ab- 
Fig.4. Comparison of the sorption edge of iron in these alloys. The re- 

values of ™, obtained by sults of this evaluation are compared in Table 

different methods. 3 with the data obtained by Shull & Wilkinson 


from neutron scattering. In this case, too, the 


agreement may be regarded as satisfactory. 
Thus one may judge of the states of the atoms in alloys of ferromagnetic 
metals both on the basis of magnetic neutron diffraction data and from the re- 


sults of investigations of the x-ray spectra. 


moment per atom of the alloy is~0O, (Ref.4). 
**The magnetic neutron scattering values for alloys with 80 and 75 atomic 
percent Co_were obtained by us by extrapolation of the results of Shull & 


Wilkinson. 
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Table 3 


From displacement 
of the K edge 


From neutron 
scattering 
2.22 
al ¢ As 


| 1.65 
Ligské 


It may be noted that our 
concept of the "filling" factor 
q, Which to a certain degree 
characterizes the change in the 
state of the atoms in going from 
the free state to the solid state, 
does not conflict with the more 
consistent model of ferromagnets 
developed by Vonsovskii and 
Vlasov on the basis of the many- 


electron theory. “28 According to this model, the inner d electrons, by vir vie 
of exchange forces, are oriented parallel to and, in addition, interact with 


free s electrons. 


Due to this interaction some fraction of the s electrons 


becomes oriented parallel or antiparallel to the inner electrons and thereby 


gives rise to a certain fractional addition to the-.saturation moment. 


Accord- 


ing to the theory® , the average magnetic moment of absolute saturation per 
atom of the metal is given (in the notation introduced above) by 


= do + xs, 


(12) 


where d, and s are the numbers of d and s electrons per atom and » is a coef- 
ficient characterizing the degree of interaction of the d electrons with the 


s electrons. 


In the case of alloys this coefficient, according to the Vonsov- 


skii-Vlasov theory®, is a complex function of the composition and structure; 


at present it cannot be calculated. 


dy—m 


dy 


The left side of (13) is our "filling" factor (see Eq.(2)). 


have 


From Eq.(12) we readily obtain 


(13) 


Hence, we 


(14) 


The values of the coefficient * for Fe, Co and Ni (from Ref.9) are -0.94, 
-0.65 and -0.7, respectively; whence the values of g for Fe, Co and Ni are, 


respectively, 0.47, 0.44 and 0.7. 


Thus, the "filling" factor indicates the degree of interaction between 
the d and s electrons and depends also on d, and s, quantities characterizing 


the normal state of the atoms. 


In the case of alloys the moment per atom of alloy Maroy = (do + 8%alloyh 


where d, and s are calculated according to the displacement rule. 
analogy with Eq.(14), the effective value of the filling factor can be written 


as 


— 


py 


The considerations developed 


results of these studies allow of 
of different types. 


iz “alloy 
above throw additional light on the results 
obtained from neutron diffraction studies for the case of Fe-Cr alloys. The 


determining the magnetic moment of atoms 
Hence if we express the moment for an atom of type z in 


Hence, by 


(15) 


terms of the coefficient characterizing the interaction of the d and s elec- 


trons, i.e., 
ling factor gq, 


m= dy+xisi, we can deduce the following expression for the fil- 


(16) 
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where s; and dy are the numbers of s and d electrons per atom of component / 
in the normal state. Thus, if with increasing chromium concentration in the 
Fe-Cr alloy the absolute value of x increases, the magnitude of 9%; must also 
increase (Fig.1). This means that with increasing Cr concentration in the 
alloy the interaction between the d and s electrons is enhanced. 

It is important to note that results of neutron diffraction determina- 
tions of magnetic moments indicate that the magnetic moment has nonintegral 
values not only for pure metals but also for alloy components. This is due 
to the interaction between the d and s electrons. 

It follows from the above that in cases when the magnetic moment of an 
atom in an alloy depends on the degree of long-range order, the magnitude of 
the displacement of the K absorption edge of the atom must exhibit a function- 
al dependence on the degree of long-range order. For our purposes we can 
make use of the variation of the coefficient * (taking into account the s 
and d electron interaction) with the degree of long-range order (n) deduced 
by Vonsovskii & Vlasov®; 


x= A’ [1 + B’ (g —c)? 4 =x) (1 + B’ (g —c)? 4], (17) 


where g=c/y, c is the concentration of the atoms of the first component in 
the alloy, » is the concentration of lattice sites of the first type, x, [«In=o 
= A’and A’ and B’ are coefficients that are independent of ¢ and 7. 

Thus for the filling factor of the i component as a function of the de- 
gree of long-range order, we obtain 


Ss 
Gg=—i7 [1 +B (e— oc} 7]. (18) 

02 
Making use of Eqs.(6) and (7), we find the following expression for the 


dependence of the shift of the K absorption edge in the spectrum of the 7 
component on the degree of long-range order: 


Gis 
E; = —kdoi}*i —— [1 + B’ (g —c)? ‘| + ai}. a) 
(AF ior, 0 I* rei Some BN eae 
whence, we find 
Ss. 
%oi =— B’ (8 — ¢)? 
(43) ora, es et dot = (20) 
(443) aisord. Nye Soy 
07 


This expression shows that the ratio of the shift of the K absorption 
edge of the component i in an ordered alloy to the shift in a disordered al- 
loy is a function of the square of the degree of long-range order. Unfortun- 
ately, there are no data in the literature for verifying this expression. 

It must also be emphasized that the above calculations of the magnetic 
moments in the Ni3Mn alloy are valid only within the framework of the assump- 
tions made. In particular, if the proportionality factors in Eqs.(7) are 
different for the two components of the binary alloy then in Eq. (9) instead 
of p (obtained from experiment) , we must write p’=p(k,/*:i ), Then ara the 
data from neutron diffraction studies one can evaluate the factors “i and 
k;, characterizing the energy dependence of the level density in the d shell. 
Unfortunately theory as yet does not allow of calculating these factors. 
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e-Cr alloys evaluation of the atomic mag- 
netic moments for cobalt and iron, as is evident from the computation pro- 
cedure, does not require knowing the value of the proportionality factor. 

The results obtained demonstrate the need for further investigation of 
the state of atoms in alloys of the given type by means of diverse procedures 
and methods. 


In the case of the Co-Cr and F 


Institute of Metal Physics, 
Academy of Sciences of the Ukrainian SSR 
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EFFECT OF NEUTRON IRRADIATION ON THE FINE STRUCTURE OF THE K ABSORPTION 
EDGE OF GERMANIUM 
- M.M.Kakhana & E.E.Vainshtein 


Despite the fact that the influence of irradiation on the physical proper- 
ties and structure of solids has attracted the attention of numerous investi- 
gators and is of great practical and scientific interest, 1 there are almost 
no data in the literature on the effect of different radiations on the x-ray 
spectra of atoms in solids and, in particular, on the fine structure of these 
spectra. The only work along this line reported in the literature is that 
carried out a few years ago by Cauchois? in France. This work involved in- 
vestigation of the K absorption spectra of nickel atoms in the pure metal and 
in an Ni-Cu alloy containing 5% nickel; no decisive results were obtained 
however. 

The present report is a preliminary one in which we give some of the re- 
sults of the researches carried out in our laboratory on the influence of 
neutron bombardment on the x-ray spectra of elements in different compounds. 
Here we shall deal specifically with the results of the investigation of the 
K absorption spectrum of germanium in the n-type semiconductor form and in 
its dioxide. The spectra were obtained by means of a focusing Cauchois type 
x-ray spectrograph with a quartz crystal analyzer employing reflection from 
the (1010) plane. The dimensions of the bent crystal were 10 x 40 mm. The 
radius of curvature was 1 meter. 

The crystal was bent in a special crystal holder? in which it was held 
in the bent state by the forces of molecular cohesion. The spectra were 
photographed in the second order. The dispersion was 4.5 X/mm. The tube 
was operated at 20 kv and 25 ma. A layer of uranium oxide was applied to 
the surface of the copper anode in order to enhance the intensity of the con- 
tinuous spectrum. The spectrograms were scanned by means of an MF-2 micro- 
photometer at three levels and the results averaged. The Pt LB) line was 
used as reference. In carrying out the work great attention was paid to 
finding the optimal absorber thickness and rigorous control of its uniformity. 

Inasmuch as in photographic recording of x-ray spectra there may occur 
distortion of the relative intensity of individual fluctuations in the long 
wavelength fine structure and the true absorption edge# and inasmuch as the 
magnitude of the distortion in different parts of the spectrum and, conse- 
quently, the details of the fine structure depend on the thickness of the 
absorber (see Fig.5 below), the work was carried out with different absorber 
thicknesses depending on the specific problems involved at different stages 
of the investigation. The superficial density of the absorber was gaged by 
weight. The absorbing layers were prepared in the form of gelatin suspensions 
of finely dispersed powders of the nonirradiated and neutron irradiated mater- 
jal. It proved impractical to irradiate prepared absorbers since it was found 
that they broke down under the bombardment conditions. The neutron flux in one 
of the utilized reactors was 1011 n cm-2 sec7!; that in the other reactor was 
five times heavier. Approximately 90 and 60%, respectively, of the neutrons 
were thermal and slow neutrons. The energy of the fast neutrons in the flux 
was 2 to 5 Mev. In view of the relatively high specific activity of germani- 
um after neutron irradiation and the fact that we were: primarily interested 
in the radiation induced irreversible changes in the lattice of the material 
and the effects such changes produce in the structure of the x-ray spectrum, 
we investigated the x-ray spectra some 1-1.5 months after irradiation. 

The results pertaining to pure germanium and its dioxide (averages for 
three independent spectrograms) are shown in Figs.1, 2 & 3. The absorption 
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Fig.l. Fine structure of the K absorption edges of germanium in the 
nonirradiated and neutron irradiated dioxide and the results of cal- 
culation of the structure of the spectra by the method of Ref.5: a) 
region of main absorption edge; 1) total theoretical absorption curve 
in the vicinity of the main edge, 2) experimental curves for the non- 
irradiated dioxide, 3) experimental curves for the neutron irradiated 
dioxide; b) general appearance of the fine structure of the absorp- 


tion edge. Absorber thickness 2.5 u. 
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20 0 20 40 60 80 100 eV 
Fig.2. Comparison of the fine structure of 
the K absorption edges of germanium in the 
nonirradiated and neutron irradiated di- 
oxide with an absorber thickness of 10 LM; 
1) spectrogram background, 2) K absorption 
edge of germanium in the nonirradiated di- 
oxide and 3) K absorption edge of germanium 
in the irradiated dioxide. 


spectra shown in Fig.1 were ob- 
tained with an absorber thick- 
ness of 2.5 wu; the spectra of 
Figs.2 & 3 were recorded with 
absorbers having a thickness 
of 10 uw. In the first figure 
we also give the results of 
calculations of the K absorp- 
tion edge of germanium in the 
nonirradiated dioxide by the 
method proposed earlier by one 
of us.5 The degree of stability 
and reproducibility of the fine 
structure of the K edge of ger- 
manium with the selected absorp- 
tion thicknesses and the extent 
of change of the spectrum as a 
function of the superficial dens- 
ity of the absorber are charac- 
terized by the curves of Figs. 
4&5. The absorber was prepared 
anew for each of the curves re- 
produced in Fig.4. 

Examination and analysis of 
the experimental results led to 
the following conclusions: 
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Fig.3. Comparison of the K absorption 
edges of germanium before and after 
irradiation of the material: 1) K ab- 
sorption spectrum of germanium before 
irradiation, 2) K absorption spectrum 
of germanium after irradiation with a 
neutron flux of ~1011 n cm-2 sec™1} 
density containing 90% slow neutrons, 
3) K absorption edge of germanium 
after irradiation in a neutron flux 
of ~5°1011 n cm-2 secm1 density con- 
taining 60% slow neutrons. Absorber 
thickness 10 un. 
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Fig.4. Producibility of the fine 

structure of the K absorption edge 

edge of germanium in the dioxide: 

spectra as obtained in three independ- 

ent experiments. Absorber thickness 
10 yp. 


1. The fine structure of the main 
absorption edge of germanium in its di- 
oxide, as in the case of gaseous mole- 
cules of halide compounds of this ele- 
ment (GeCl4 and GeBr4)®»7, comprises 
three more or less (depending on the 
absorber thickness) clearly defined 
absorption peaks and can satisfactor- 
ily be computed (resolved) by the 
method described in Ref.5. Hence one 
may still regard as valid the earlier 
interpretation of this structure and, 
particularly, the deduction that the 
appearance of the third absorption 
peak within the main K absorption edge 


of Ge in the dioxide (which is particularly well defined in the spectra ob- 
tained with 10-12 » thick absorbers) is associated with so-called cross trans- 
itions® of the K electrons of the absorbing atoms. 

Just as is observed in the case of other compounds in the gaseous and 
solid states, the absorption spectrum of germanium in the solid dioxide is 
characterized by a lower value of the theoretical parameter n* as compared 
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with the gaseous state.* In the 
spectrum of germanium in the solid 
dioxide this is evinced in a more 
rapid weakening of the intensity 
of successive selective absorption 
lines and a greater energy span of 
the principal series of absorption 
lines, as compared with the spec-~ 
tra of gaseous molecules. 

2. The position of the long 
wavelength limit of the K absorp- 
tion edge and the ratio of the 
intensities of the first two 
fluctuations of the absorption 
coefficient (peaks) within the 
main absorption edge remain the 
same within the limits of the ex- 
perimental error for irradiated 
and nonirradiated samples of 


ev 
con ‘i a e ad a. germanium dioxide. As for the 
Fig.5. Fine structure of the K absorption third peak, as may be seen from 
edge of germanium in the dioxide with dif- the curves in Fig.2 (obtained 
ferent absorber thicknesses: 1) 2.5 yu, under the most favorable condi- 
2) 10 w, 3) 12 wp and 4) 20 u. tions for bringing out this peak), 


neutron irradiation leads to dif- 
fusion of this maximum, i.e., to a change in its form and intensity by an 
amount appreciably exceeding the experimental error (Fig.4). 

In addition to the above mentioned changes in the structure of the long 
wavelength part of the K absorption edge of germanium in its dioxide, there 
is observed in irradiated samples a relatively small decrease in the ampli- 
tude of fluctuation of the absorption coefficient in the region of the so- 
called far fine structure. It should be noted, however, that the conditions 
under which our experiments were carried out (specifically, spectroscopy only 
some 1-1.5 months after irradiation of the samples) were not favorable for 
observation of this effect, which should be appreciably stronger immediately 
after neutron irradiation. 

In pure germanium (Fig.3) no changes susceptible of detection under our 
experimental conditions occur in the structure of the K absorption edge of the 
element under the influence of neutron irradiation. 

3. In the present report we have recounted the first results of our re- 
search into the influence of neutron irradiation on the fine structure of the 
x-ray spectra of atoms in solids. These results are, of course, only a begin- 
ning; it is therefore imperative to continue systematic investigations which 
would allow of characterizing the state of the material in the first stages 
of its life after irradiation. It is also needful to determine the influence 
of neutrons of different energies on the fine structure of the x-ray spectra 
and to establish the degree and character of the structural changes occurring 
in the samples. Only then will it be possible to interpret reliably the ob- 
served experimental facts and make an attempt to relate them with changes in 
the energy structure of the material subjected to neutron irradiation. Even 

*Thus in the absorption spectrum of germanium dioxide in the solid state | 
the parameter is 1.16, whereas in the spectrum of Ge in GeCl, vapor, n* =1.344 
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our first results, however, and, particularly, the fact that the greatest 
change in the structure of the absorption spectrum of germanium in its di- 
oxide involves the third absorption peak, whose appearance according to the 
latest data? cannot be explained by transitions of K electrons only within 

the absorbing atom, indicate that the observed effect is associated primarily 
with the influence of "impurity atoms produced incident to capture of slow 
neutrons by germanium nuclei and with the irreversible dislocations (vacancies) 
produced in the lattice by the impact of fast neutrons. These are the very 
factors, as is known, that serve to explain the change in the conductivity of 
the investigated materials, occurring as a result of neutron bombardment. 


"Vv, I.Vernadskii"” Institute of Geochemistry and Analytic Chemistry, 
Academy of Sciences of the USSR 
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QUANTITATIVE DETERMINATION OF TITANIUM FROM SECONDARY X-RAY SPECTRA 
- A.S.Ivoilov & N.F.Losev 


The use of secondary x-ray spectra for purposes of chemical analysis ae - 
been described and evaluated by a number of both Soviet and foreign authors. -*~ 

M.A.Blokhin designed a number of practical fluorescent spectrographs and 
investigated the theoretical aspects of utilizing secondary spectra for quanti- 
tative analysis. 4:5 & 10 

The present work was devoted to development of a procedure for quantita- 
tive determination of titanium by means of a Blokhin type fluorescent long- 
wave x-ray spectrograph of domestic manufacture. By way of high voltage 
source we used a single Kenotron x-ray power unit with no stabilization of 
the high voltage. The voltage applied to the x-ray tube was monitored by 
means of an S-96 kilovoltmeter. 

Among the various procedures for quantitative x-ray spectroscopic analy- 
sis with reference to secondary spectra, we chose the external standard tech- 
nique. 19 The analytic line was the KQ, line of titanium in the second order. 
The width of the detecting slit was 0.2 mm. The titanium spectra were excited 
by radiation from chromium electrolytically deposited on the face of the copper 
anode. The tube was operated at 24 kv and 15 ma. 

The analyzed material was titanium ore or crude concentrate. Examination 
of the available chemical and optical spectroscopic analysis data showed that 
the samples varied appreciably as regards composition due to the fact that 
they were from different deposits and had been subjected to different concen- 
tration treatments. 

The sample preparation procedure was the following. A certain weight of 
the powdered assay material was applied, using liquid gelatin as the adhesive, 
to an aluminum plate, which served as the radiator. After drying, the layer 
of material on the radiator was subjected to 100-150 kg/cm2 pressure in an 
hydraulic press and then heated to burn out the adhesive. In this manner there: 
was obtained a very smooth, uniform and strong layer of the assay material on 
the radiator plate. 

In view of the analytic procedure selected, it was necessary as a first 
step in developing the procedure to determine the influence of different fact- 
ors associated with the conditions of excitation and the composition of the 
sample on the analytic results. In a series of special experiments we deter- 
mined the effect of such factors as the stability of operation in the x-ray 
tube, the uniformity of application of the material on the radiator plate, 
selective excitation and absorption and the composition of the sample. The 
results of these experiments were the following: 

1. In the process of operation the high voltage on the x-ray tube varied 
over a range of +0.5 kv from its initial 24 kv value. This resulted in a vari- 
ation of the counting rate in recording the intensity of the Kay line of ti- 
tanium not exceeding 3-4% of the mean value. 

2. The above described method of preparing the radiator plates yielded 
fairly uniform "standardized" samples. The scatter in the counting rate in 
recording the intensity of the Ka) line of titanium for 10 different radiator- 
samples of the same initial material did not exceed 4-5%. 

3. The effects of selective excitation and absorption due to the presence 
of iron and calcium in the samples had an appreciable distorting effect on 
the analytic results. 

In the case of samples with the same titanium content, increasing the iron 
concentration from 0 to 30% increased the intensity of the titanium line by 


2 | 
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Fig.1. Influence of iron on the 


intensity of the Ka, line of titan- 


ium: I) 0% Fe, II) 30% Fe and III) 


60% Fe. 


Fig.3. Variation of the intensity 
of the Ti KQ ] line with the ti- 
tanium content in different ores. 
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Fig.2. Influence of calcium on the 

intensity of the titanium line: I) 

0% Ca, II) 5% Ca, III) 15% Ca and 
Iv) 30% Ca. 


about 10% (Fig.1), while increasing the 

calcium concentration from 0 to 30% re- 

duced the intensity of the titanium line 
by as much as 30% (Fig.2). 

4. The density of the "filler", i.e., 
the medium containing the sample analyzed 
for titanium, affected the intensity of 
the Koy line to a far greater degree than 
all the other factors listed above. As 
the density of the filler was increased 
from 2 to 4.5 g/cm? the intensity of the 
analytic line (other conditions being 
equal) fell off by a factor of 2-3. 

From the results of the investigation 
of the influence of different factors on 
the intensity of the Ka, line of titanium, 
it was concluded that direct analysis of 
ore material by the external standard 
procedure was impossible. Thus our ex- 
periment on direct determination of the 


titanium content in ores led to results differing by as much as 60-100% from 


the data of chemical analysis. 

results of these determinations. 
of the variation in the intensity 
in the analyzed samples. It will 


There is no need to cite here the precise 


Instead, in Fig.3, we show the character 
of the titanium line with the Ti content 
be seen that the intensity of the analytic 


line varies in a different way with the Ti concentration for samples origin- 


ating from different deposits. 


is no direct proportionality between 


tion. 


In addition, 


curves I and II show that there 
the line intensity and the Ti concentra- 
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In order to be able to use the extern- 
al standard technique we resorted to the 
procedure of diluting the samples to a 
uniform composition with a buffer. We 
chose for this purpose an ore consisting 
primarily of quartz (~70% Si09). 

By way of references we used "standards 
prepared by successive dilution of ilmenite 
with the above buffer. The analytic (work- 
ing) curve plotted on the basis of these 
standards is reproduced in Fig.4. 
_Packground: Experimental work with the diluted 

50 pulses/min samples showed that satisfactory agreement 
with the data from chemical analysis is ob- 
tained for all the forms of the analyzed 

Z d és material at a 5-fold dilution thereof. 
Fig.4. Working curve. The results of determination of titan- 
jum with 5-fold dilution of the samples are 
compared with chemical and spectroscopic analysis data in the accompanying 
table. 


Results of quantitative fluorescence determination of titanium and comparison 
of these results with the data of chemical and optical spectroscopic analyses 


Deen EEE EEE) LE LL = 
TiO. (%), from analyses Divergence of 
x-ray spectro. Scatter] x-ray data from 
Samp Le | ————____—___———_ - x-ray | 
Now Chem. |Spectr.| data, % chem. spectr. 
4 2 3 Mean analys. analysis 
ee ee 
32 Rae BSSal SZ Mans Bel Se 5,7 oe 5,4 
33 EEG | PSSM PEG PRESS 1,48 — AST 1,4 — 
35 Bee uci de Ale Anse |e ind: 3,60 -— 3,2 13,9 — 
A || 2S 26 20 29 21,9 23 0,12 esl 8,7 
37 Deo ne Wea Veer Malls Ds ee ee! ond 
38 ARG seal oO itll Sie ieee 4,45 —- 42,4 3,4 -- 
40 Ap Fie pel. sheet: sae de G 187, -- 6.3 14,5 — 
AT PR gS a pe) ae B= Ue). 6,9 2,8 0,0 4,4 
a Ue Chaed lacus Uet)l apt lloail ret 1,47 = 8,8 15,6 — 
04 | 53 52 02 o2 59,0 -- 0,6 5,0 —= 
50 A ey yes Daal -- 1,3 4,9 — 
56 TaN COs digs ge? _- 13 ay 
81 | 46 4A AO 43 43,6 -- 4,7 1,4 
83 See ORM onl) mao 3,08 3,2 Oey — 
85 | 44 45 42 44 47,4 — 1,6 (ee — 
86 POE e Ames 1,418 — 0,0 eh = 
87 OeGe iio 2 Oss 29.8 9,50 ~- 2,0 Sie — 
PP Nas 14 14 14 19,3 _- i 8,5 
123 Seti lle GSO) |fiaarcaiey 2s |leem cone 3,20 — sail 0,0 
124 OR SRIP LORS TIERONE: ORS 0,92 -= 348 13,0 _ 
128 Sr 2ialll ROO Nees lease BR eal 22 14,7 92,0 
169 | 37 38 33 36 38,0 48 5,6 5,3 25,0 
174 Oro) |e Monee erOpar lt ane oe10 Bee 0,0 456 0,0 
246 | 57 49 00 52 92,0 os 9,6 0,0 — 
PSY aa ash) 42 41 AA 43,8 36 250) 6,4 soya! 


Note: The results of chemical and spectroscopic analyses are characterized by 
relative errors of 1=2% and 10-12%, respectively. 
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It will be evident from the table that the scatter of x-ray spectroscop- 
ic determinations does not exceed 10% and amounts to only about 5% relative 
to the mean value for all the analyzed samples listed in the table. Diver- 
gence from the data of chemical analysis in the range of titanium oxide con- 
centrations from 1 to 50% exceeds 10% only in the case of five samples, at- 
taining a maximum of 16%. 

The cited results show that by use of the dilution technique (i.e., by 
reduction of the sample composition to that of the standard employed) one 
can obtain an acceptable accuracy of quantitative determination of titanium 
in ore samples by fluorescence analysis. 

Using the developed technique, 8 to 10 determinations can be made per 
working day. Taking into account the necessity of dilution of the assay 
samples, the sensitivity of the developed procedure equals about 0.7-0.8% of 
the titanium in the initial sample. 


Conclusions 


We developed a procedure for quantitative fluorescence determination of 
titanium in ores and concentrates containing from 1 to 50% titanium oxide. 
The accuracy of the procedure is characterized by a mean relative error not 
exceeding 10%. The analytic sensitivity is 0.7-0.8%. The speed of the pro- 
cedure is such that it allows of carrying out 8 to 10 analyses per working 

\ day. 
In conclusion we desire to express our gratitude to G.M.Skirpkina, 

student at Irkutsk University, for her help in carrying out the experimental 
part of the work. 


id Irkutsk State Institute of Rare Metals 
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Transactions of the First Conference on the Spectroscopy of Light-Scattering Media 
i EPEC UT OSCOPY (0) Hight—ecatlering searva 


The First Conference of the Spectroscopy of Light-Scattering 
Media, organized by the Commission on Spectroscopy of the Academy 
of Sciences of the USSR, was held in Moscow, March 29-30, 1956. 

Representatives from a number of scientific organizations of 
Moscow, Leningrad and Minsk participated in the Conference. All 
the reports were followed by lively discussion, testifying to the 
great current interest in the subject. 

In addition to the papers published in the present issue of 
the Bulletin, the Conference heard the following reports: 


"Present day status of the question of light scattering by 
large particles" by K. S. Shifrin. 


r "Problems in the investigation of the spectra of reflection 
from the surface of the earth" by K. S. Lialikov, V. V. Kol'tsov 
and I. N. Belononova. 


"The light field in strongly scattering media" by V. A. 
Timofeeva. 


"Light scattering in a two-dimensional colloid and the opti- 
cal properties of monomolecular and translucent metallic coatings" 
by G. V. Rozenberg. 


At the request of the Commission the transactions have been 
_ prepared for publication by G. V. Rozenberg. 
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OPENING ADDRESS 
- B. I. Stepanov 


Spectroscopic methods have long been extensively used in various fields 
of physics, chemistry, biology, medicine and engineering. As a rule, however, 
they have been applied to homogeneous and only very weakly dispersive media, 
such as solutions, vapors and single crystals. Yet, actually most natural sub- 
stances - powders, fibers, suspensions, colloids, films and so on - are inhomo- 
geneous. While a great deal of valuable data can be obtained by studying such 
substances in solution, unfortunately the properties of most such substances 
change when they are dissolved, so that the spectra of solutions yield only in- 
direct evidence. Moreover, many substances Simply cannot be brought into solu- 
tion. 

In recent years, an entirely new kind of spectroscopy has developed: the 
spectroscopy of scattering media. Much of the current work in this field in- 
volves collation and classification of experimental material. In some cases 
the experimental data are used to solve specific analytic problems, in others 
to elucidate the structure of diverse substances. Here we can list only a 
few of the infinite variety of vexing problems in this field. 

One of the most fundamental problems is that of finding the wavelength 
dependence and the numerical values of the absorption coefficient and the index 
of refraction of dispersive media. In our practical work we constantly find 
that there are no reliable data on the indices of refraction and absorption 
coefficients of scintillators, dyes, metals, quartz and other substances, parti- 
cularly, in the infrared region. In many regions of the spectrum, even thin 
films of quartz (and other optical materials) are entirely opaque, so that ab- 
sorption by quartz must be studied using layers of very fine particles. With 
little or no justification, the spectra obtained in this way are identified 
with the true absorption spectrum of the bulk material. In general, infrared 
spectroscopy is shifting more and more towards studying the transmission char- 
acteristics of strongly dispersive films obtained by compressing powders or 
fibers. Yet the peculiarities of light propagation in such substances are 
generally not taken into account. 

Where nondispersive media are concerned, it has been established that 
every change in the spectrum is related to some change in the composition of 
the molecules or to some change in the nature of the intermolecular inter- 
action. In dispersive media, however, a change in the spectrum may be due to 
changes in the character of the light propagation laws. This often makes it 
very difficult to interpret the observed spectra. As an example, when strong- 
ly absorbing molecules are adsorbed on silica gel or some other porous medium, 
their absorption (or reflection) spectrum is often altered. Without knowing 


the optical properties of dispersive media, it would be impossible to establish 


whether this change is due to a change in the properties of the molecules when 
they are adsorbed or whether it is a purely optical effect associated with 

multiple scattering. This is why we have still not been able to interpret the 
spectrum of a living leaf. The position of the characteristic band of chloro- 


phyll is not the same in a leaf as in its solution, and the nature of the dif- 
ference has not been established. 


The reflection and transmission spectra of dispersed materials depend not 
only on the optical constants of the basic substance, but also on the dimen- 
sions of the light-scattering particles, the index of refraction of the bind- 


; i i rbing substance and the 
‘ing medium, on the relative proportions of the absor 
aine ned mn and the thickness of the investigated layer. Variation of one 


r all of these parameters can radically alter the spectrum and change the ab- 
olute values of the reflection and transmission coefficients and thus, of 
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course, the apparent color of the substance. Thus, for instance, when very 
greatly fragmented all materials, even strongly absorbing ones, become whitish. 
This possibility of modifying the color and spectrum of substances is very Lin~ 
portant in the varnish, textile, paper and phosphor industries. Sometimes it 
is necessary to produce a coating with distinctive, specific properties, say, 
with a large reflection coefficient in the infrared region and a small one in 
the visible region. Such problems can be solved only if one knows how the 
spectrum depends on the primary parameters of the dispersed substance. 

Many important problems also arise in studying luminescent powders, a 
group of substances including all crystal phosphors. Development of a correct 
theory of the luminescence of crystal phosphors is predicated on a knowledge 
of the true absorption spectrum of luminophors. For all practical applications 
one must also know how the luminescence spectrum depends on the degree of dis- 
persion, the properties of the binding medium and the thickness of the layer 
when dealing with the transmitted light, as well as on the nature of the back- 
ing when using screens. It should also be borne in mind that due to overlap- 
ping of the absorption and luminescence spectra, the observed luminescence 
yield of a powder is not identical with the true yield of the primary sub- 
stance. In working with powders it is often necessary to consider not only 
reabsorption, but also secondary luminescence. All of these important prob- 
lems are just beginning to be studied. 

The phenomena encountered when using dispersive light filters also belong 
to this field of spectroscopy. Their theory, based on concepts of interfer- 
ence, has as yet hardly been developed. Interference effects often arise in 
studying the reflection and transmission spectra of powder layers and this 
leads to the appearance of entirely new bands that are in no way connected 
with the intrinsic properties of the bulk substance. The fact that these ef- 
fects are as yet inadequately understood is retarding the development, in par- 
ticular, of infrared spectroscopy. 

We must limit our listing to the above few examples. The list could 
readily be extended butthis would serve little purpose. It is quite clear 
that while spectroscopy of scattering media reached maturity a long time ago, 
it is still developing relatively slowly. The experimental investigations 
have so far been largely random, that is, devoted to the solution of particu- 
lar rather than general problems. Yet experimentation is undoubtedly being 
held back by the slow rate at which the basic theory is developing, as well as 
by the lack of necessary communication between the experimentalists and the 
theoreticians. 

The present meeting on the spectroscopy of dispersive media has been 
called in an attempt to eliminate these faults, to discuss the results already 
obtained, and to mark the directions for further investigation. The purely 
spectroscopic aspects of our problem are closely coupled to the wider problem 
of, the optics of dispersive media, and we have therefore invited scientists of 
other specialties to our Conference. Their wealth of experience and knowledge 
will no doubt help us in solving our spectroscopic problems. 


. 
————— 
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SOME ASPECTS OF SPECTROSCOPIC ANALYSIS OF LIGHT-SCATTERING 
MEDIA AND THE REFLECTING POWER OF COLORED POLYDISPERSIVE MEDIA 


- G. V. Rozenberg 


We all know how very important spectroscopic analysis has be- 
come in industry ip the last few decades and what an important 
tool it is for Scientific research. There exists, however, a field 
extremely important from the practical point of view and involving 
very many kinds of substances, in which the present methods of spec- 
troscopic analysis are nearly if not entirely impotent. I refer 
here to analysis of substances in a dispersed state which, because 
of their nature, can be investigated only by absorption methods. In 
this article I shall try to clarify the reasons for the difficulties 
which arise in this field, and to point out ways in which these dif- 
ficulties may be overcome. Incidentally, I shall present some re- 
Sults of the attempts made to solve certain spectroscopic problems 
in this field. 

Since the optics of light-scattering media has several peculiar 
properties, and since the fundamental concepts of this field are, 
for historical reasons, heavily burdened with widely accepted mis- 
conceptions, I shall have to start my discussion somewhat far afield. 

Spectroscopic analysis must necessarily be based on an under- 
standing of the laws governing the interaction between radiation 
and matter, but until rather recently, theoretical investigation of 
this interaction has been virtually restricted to two limiting cases. 
One of these involves the propagation of radiation in quasi-homogen- 

eous media, when the radiation field parameters are smoothly and 
relatively slowly varying functions of the coordinates. The other 
involves emission, absorption, and scattering of radiation by single 
particles or inhomogeneities imbedded in a homogeneous medium. In 
the latter case investigation centered on the single event of sudden 
local transformation of the radiation field through its interaction 
with the matter. Closely related to such problems are those involv- 
ing local transformations of the radiation field at simple discon- 
tinuous boundaries of a quasi-homogeneous medium (reflection, re- 
fraction, etc.). 
The intermediate case of the propagation of radiation in scat- © 
tering (turbid) media, media that cannot be considered quasi-homo- — 
geneous, has still hardly been investigated. 

The restriction to quasi-homogeneous media is dictated by the 
fact that one can apply Maxwell's phenomenological equation to them 
so that the propagation of electromagnetic waves can be described 
‘by solving these equations with the appropriate boundary conditions. 
‘The development of molecular optics essentially did not alter the 
matter, since all it contributed to the theory of propagation was 
definition of the so-called material constants of the medium, de- 
termined by its structure and based on the theory of absorption, 
emission, and scattering of light by individual molecules. In 
‘other words, when solving problems of propagation in quasi-homogen- 
eous media, the solution does not involve scattering and dispersion 


theories. 


4 
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When dealing with scattering media, however, this is no longer 
true. The deciding factor which ultimately controls the propaga— 
tion of radiation in a scattering medium is the way in which the 
scattering inhomogeneities irradiate each other. Therefore, ale 
though it is still possible to keep the theories of scattering and 
propagation strictly separated, the principal problem as regards | 
the latter is to define the effective field in which the individua. 
inhomogeneities are located and to take into account the interfer- 
ence of the waves scattered by them. Since the most important pro: 
perty of turbid media is their irregular structure, our problem is 
a statistical one, which does not allow of using the equations of 
phenomenological electrodynamics or separating the theory of dis- 
persion from that of propagation. 

More detailed considerations show, however, that this statis- 
tical problem can be greatly simplified. It is found that the in- 
teraction of the inhomogeneities breaks up essentially into two 
parts, a coherent and an incoherent one. The coherent part, due 
almost entirely to the nearest neighbors of a given scattering in- 
homogeneity, is important only in dispersion effects, i.e., is e- 
vinced only in the form of a change of index of refraction (in 
general a matrix) of the medium. At the same time, the incoherent 
part of the interaction, which is due to events occurring through- 
out the entire volume of the medium, is evinced in the form of 
multiple scattering, and in most theoretical treatments it is sep- 
arated artificially from dispersion effects as such. 

Let us consider a plane wave, whose mean electric field is E ; 
propagating through a medium containing randomly distributed in- 
homogeneities. We then have 


~ 


d 


= = —E, (1) 


where / is the coordinate measured along the direction of propaga-.: 
tion, the wave, and vy is a matrix'’whose components are of the 
form”? 


: 2nN Ps 
Vij thona + ACN) faa 844 (0, 0) G7 == 1.3). (2) 

Here N is the number of scattering particles pet uni 
Mm is the index of refraction of the medium in hich tha’ 6a. et eae 
are suspended, k, is the wave number in vacuum, 4g;;(0,0) is the mean 
value of the plane-wave expansion coefficient of the (complex) 
scattering amplitude matrix (which depends on the scattering angle 
and 1s proportional to the 1/2-power of the scattering cross sec- 
tion of the particle, corresponding to a plane wave with the same 
direction of propagation as the incident wave, and A(N) is a coef- 
ficient which accounts for the difference between the effective 
ep re fields and depends on the concentration and scattering c 
ate of the particles and on the form of the scattering indi 

If 8i(0,0) Can be diagonalized, then one can introduce the con- 
cept of an effective complex index of refraction for each of the 
two differently polarized components, writing 


Wes Si 2nN 
mi =the Te (0, 0) | (3)! 
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which follows from (1) and (2). In particular, if the mean separa- 


tion between the scattering particles is greater than the wavelength 
then A(N) = 1, and 


(4) 


For isotropic scattering, %; degenerates to a scalar whose real 
part is ‘!/,(¢+c0) where « and oc are the volume coefficients of ab- 
sorption and scattering of the turbid medium. As for the effective 
index of refraction of such a medium, it becomes 


vn 2nN . 2nN 
ni = ft 3 a Imgii (0,0)] O%; ip Regi (0, 0). 


n=ny|1 + 


a+o Img (0,0) .A+6 
2k Reo nee (5) 


We note that while the experimental determination of the imagi- 
nary part of the index of refraction, i.e., the coefficient of ex- 
tinction («+ 9), is usually rendered difficult by the presence of 
multiple scattering (see below), the determination of the phase 
shift due to the scattering particles is not masked by multiple 
scattering. Hence in some cases determination of the phase shift 
may be more expedient from the standpoint of solving certain spec- 
troscopic problems. 

Let us now see how we can take account of multiple scattering. 
The separation of the mutual irradiation of the particles into the 
coherent (local) and incoherent (distant) parts allows us to make 
the approximations of geometrical optics, and to reduce the solu- 
tion of this statistical problem to the formulation of the so-called 
transfer equation. 

As is known, the transfer equation in its application to the op- 
tics of dispersive media was first formulated by Hvolson and . 
Schwarzschild about a half-century ago on the basis of rather ob- 
vious intuitive considerations, seeing in it only a statement of 
energy conservation. 

d The physical content of this equation is very simple. It im- 

plies that the change in intensity of a light beam along its length 
is due to attenuation associated with absorption and scattering, 
and to intensification as a result of scattering in the beam's di- 
( rection of light propagating in all other directions. Here it is 
important that the scattered beams be incoherent relative to each 
other, so that their intensities will be additive. This is not as 
obvious as it may seem at first, and requires a detailed analysis 
which is still far from complete. If, however, it is possible to 
separate the mutual irradiation of inhomogeneities into a coherent 
and an incoherent part, then, as was stated above, the coherent part 
is involved only in absorption and scattering of the direct ray, 
while multiple scattering involves only the incoherent part. 

We should now direct our attention to the fact that what happens 
to the luminous flux in the scattering, absorption, and double re- 
fraction to which it is subjected depends strongly on its polariza- 
tion. Therefore if one formulates the transfer equation entirely 
in terms of energy conservation, which means that one is ignoring 
the polarization-dependence (and also other conservation laws) , the 
results will unavoidably be incorrect. On the other hand, in attemp- 
‘ting to take account of the polarization properties of the light, we 


aced with a new problem. 
_ SSE what we wish to do is to develop a mathematical pro- 
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cedure which would make it possible to include the dynamic charac- 
teristics of the photon flux (its energy and spin) in a geometrical 
optics description. This is an important and still largely unsolve 
problem. The situation is made more complicated when we note that 
the incoherence of the scattered waves will not allow us to describ 
the luminous flux in terms of the electric and magnetic field 
strengths. We must use statistical parameters that are additive 
for an incoherent flux. It is found that the so-called Stokes 
parameters will serve this purpose, inasmuch as they completely 
describe the state of the luminous flux from the point of view of 
both its intensity and its polarization and are closely related to 
the quantum mechanical density matrix.2 In their generalized form, 
the Stokes parameters §; are defined by 


Sj; =E-oE* (i=1, 2, 3, 4) (6) 


and can be combined into a single four-dimensional vector-parameter 
S Here co: is the unit matrix, and o2,0, and o, are the Pauli mat- 
rices in the cyclic permutation starting with the third. It is 
significant that by using these parameters we can now associate ev— 
ery interaction event between radiation and matter with a matrix 
describing a finite or differential transformation of the vector- 
parameter. In addition, it becomes possible to include not only 
the energy conservation law, but other conservation laws (in par- 
ticular, the law of conservation of angular momentum) and thus to 
formulate a complete transfer equation. This new equation not only; 
takes into account the polarization of the radiation, but unites 
(in consistent mathematical terms) the coherent and incoherent part 
of the interaction between the particles, which means that disper- 
sion phenomena and multiple scattering are treated together. 
Strictly speaking, this is no longer a single equation but 2 
? 


set of four linear integro-differential equations of the form 
dS; (1) = ane dap 3 
a = Si OFZ) fsb) 5; Cal +52, (7) 
j 


where fi; is the scattering indicatrix tensor, x; is the extinction 
matrix whose components are real homogeneous linear functions of th 
components of the dispersion matrix y,, and S$? (J) is a function of 
the radiation of the scattering medium itself, if such radiation is 
present. 

It is easily seen that these equations contain terms of the sam 
order of magnitude as the basic terms in the usual transfer equati 
although these terms do not appear in the latter. This is a clea 
indication that the polarization effects should not be neglected. 

It should be noted that the deduced equations are valid not onl 
for photons but also for any particles with spin 1/2 and open the 
way to possible solution of previously insoluble problems such as 
those involving electro-optical phenomena in colloids, the optics 
of polycrystalline bodies, etc. 

What, then, is the situation as regards spectroscopic analysis 
of scattering media? It is clear that by investigating the lumi- 
nous field in the scattering medium or at its boundaries and using 
the transfer equation we can arrive at an evaluation of the magni-_ 
tudes and frequency dependence of « and c. These quantities, re-_ 


ferred to a unit volume, can be thought of as char bears 
act 
the scattering medium. 8 eristics of 
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Thus propagation theory may serve as the basis for experimental 
determination of the volumetric optical characteristics of a scat- 
tering medium. If the mean distance between particles is greater 
than the wavelength, i.e., if A(N) = 1, these characteristics are 
related to the individual optical characteristics of the isolated 
scattering particles in a simple and direct manner. Specifically, 
we can write 


¢ = No®, “a = No, fig = fis (8) 


where .°,«° and fj; are the scattering coefficient, absorption co- 
efficient and scattering indicatrix for an individual particle. If; 
however, the separation between the particles is small or compar- 
able to the wavelength, i.e., if A(N) # 1, Eqs{8) become invalid 
and must be replaced by more general equations which can be deduced 
by generalizing the theory of dispersion to include scattering me- 
dia. This generalization involves not only clarifying the form of 
-A(N), but also taking into account the very important and peculiar 
changes in the scattering indicatrix, resulting from interference 
of waves scattered by neighboring particles.} It must be noted 
that up to the present only preliminary and far from conclusive 
attempts have been made to solve this problem. 
Lastly, we note that the transition from the optical properties 
of the scattering particles to those of the substance of which they 
are composed is a different problem lying wholly outside the frame- 
work of propagation and dispersion theory. Actually, in a sense it 
is the inverse of a scattering theory problem. 
4 The clear difference between the three problems - that of de- 
termining the optical characteristics of scattering media, that of 
the transition from these to the individual characteristics of the 
scattering inhomogeneities and that of going to the optical proper- 
ties of the substance of which they are composed - is, I believe, 
a profound one. Not only the theoretical treatment, but also the 
experimental methods for studying these problems must be entirely 
different. Yet traditionally these three problems are often com- 
‘bined, which obviously serves only to confuse the situation and 
hamper their solution. In what follows we shall speak only of the 
first of these: determination of the optical characteristics of 
the medium. 

Propagation theory developed essentially along two paths. Im- 
proved formulations of the transfer equation itself led to mathe- 
matical methods for solving it for different turbid-medium models 
‘and thus gave rise to an extensive, almost independent branch of 
mathematical physics. The use of this mathematical apparatus, 
hhowever, is greatly limited by its computational complexity; hence 
its application has been restricted to the simplest SNES Com- 
puters, it is true, can be used to solve many direct" problems, 
but the inverse problems, which are of most interest from the spec- 
troscopic point of view, are still practically insoluble. 

At the same time there has been a wide development of methods 
using very rough approximations whose validity has yet to pba ee 
strated. In many cases; however, this method of attack has le re) 
ve ts, representing a significant forward step. 
: ns for such individual and sometimes surprising suc- 
ee enain eee and the limits of applicability im the var- 
ious simplifying assumptions have yet to be established. 
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fore, although these methods must be rendered their due, 
we ae feette them as the basis for further develop- 
ment of spectroscopic analysis of light-scattering media. It would 
seem that the only correct path lies in the most rigorous and gene. 
ral formulation of the transfer equation, followed by a search for 
particular conditions which can be used to obtain a sufficiently 
accurate approximate solution in relatively simple analytic form. 
This approach although it necessarily limits the experimental pos- 
sibilities, may open much greater potentialities for a quantitativ 
solution of the inverse problem. 

One of the simplest examples which allows of a completely sat- 
isfactory approximate treatment, at least for strongly absorbing 
media, is the problem of reflection from a semi-infinite medium 
whose volume characteristics are independent of the coordinates. 

In this case one can use the method developed by Kuznetsov” in! 
dealing with theory of visibility. Without going into the details: 
of the mathematics, we note only that this method consists of cal-. 
culating the successive contributions to the reflecting power by 
scattering of different degrees of multiplicity. Application of 
this method to an isotropic medium gives an expression for the 
light reflected by the medium which, in the n-th approximation is* 


~ i (9, %) 
Se tata) (9). 
Ot ray 
where 9% and ¢ are the coordinate angles defining the direction of 
the line of sight (observation), S} is the intensity of the inci- 
dent beam illuminating the medium, 8 = a/sis the ratio of the vol- 
ume coefficients of absorption and scattering, and 
4 


dit (9, ©) = Di aij, (9, 2) 2 (S04 90), (10)! 


wherein the ci(%, 9) = S/S° characterize the polarization of the in- 
cident beam, and ai,(9,¢) are coefficients depending only on the 
angles of incidence $ and % and observation $ and ¢ and on the 
form of the scattering indicatrix. 

Let R be the energy reflectivity of the medium, and let us in 
troduce the coefficients ¢=S/S, characterizing the polarizations 
of the light reflected from the medium. We then obtain 


R= >) 


Hd+e)" 


ait 


(11) 


*In earlier contributions* we considered the case where the scattering 
particles in the lower half-space are suspended in the same medium as that 
which fills the upper half-space. This is valid, for instance, for media 
such as powders. If the media differ on the two sides of the interface (say 
air and milk), there is an additional regular reflection on the boundary ; 
which leads to an additional term depending on 9 and © in Eq.(9). If St 
fect mirror reflection takes place at the surface and the angle of observation 
differs from the angle of mirror reflection, we can neglect the surface reflec- 


tion, although in this case the ai(9,0) will be diff 
mirror surface. 1(9, 9) erent than if there were no 


. 
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_ This shows immediately that as B increases the higher multipli- 
cities of scattering become less important, which should change the 
intensity, the spectral composition, and the polarization of the re- 
flected light. This 8-dependence of the relative importance of the 
different scattering multiplicities is a fundamental effect deter- 
mining the optical properties of OPC E Ke turbid media. 

As has been shown by Ambartsumian”’, the mean multiplicity of 
Scattering in_ the case of reflection from a semi-infinite turbid 
medium is Te el 6 WHEN Bs1/3, we obtain adequate accur- 
acy from just the third, or even the second approximation. In ad- 
dition, for polydispersive media with sufficiently large inhomogen- 
eities, we may assume that the form of the scattering indicatrix is 
practically independent of the particles themselves, i.e., is inde- 
pendent of 6. In particular, this should generally obtain in the 
case of mixing two or more polydispersive media with different « 
and oa, as when adding dye to a suspension. Then by simple mathe- 
matical operations we obtain 


Boge! +E)? 


ce ee” (12) 
where #&, is the reflecting power of the medium when p=8, and 
yee test 
= = ait Se on 
¢ oe ay, (1 + Bq), (13) 


It is important to note that R, and Q, a quantity which defines 

‘the relative contribution of higher multiplicities of scattering 
when §$=8,, depend on the angles of incidence and observation and on 
the scattering indicatrix, but must be independent both of the char- 
acter of the dye and of the dilution of the medium. Thus the simple 
‘relation obtained, which fully takes into account secondary scatter- 
ing and largely also tertiary scattering, is a generalization of 
‘Lambert's law to the case of colored media and can serve as the ba- 
“sis, for instance, for solving problems in color engineering as well 
as problems related to the use of dyes and pigments in the textile 
industry, architecture, color photography, painting, etc. 

If the scattering particles are sufficiently large, that is, if 
we can neglect the difference between the mean effective field and 
the mean field in the medium (A(N) = 1), we can use Bouguer's law 
to describe the mixture of two components whose volume concentra- 
tions are (1 and C, , i.e., in agreement with (8), write 


ee + Cpa» | 
al ORS Orr (14) 
If we then measure A&,/R as a function of C,/C,, we can find the 
absorption coefficients (aj) and scattering coefficients (c;) of both 
components in terms of the scattering coefficient of one of them. 
This fact can be used as a basis for spectroscopic analysis of scat- 
-ering media where determination of the individual optical proper- 
ies of the scattering particles is concerned. 

The relations obtained can also be used to find the polarization 
of the reflected light. Restricting ourselves to the second approxi- 
mation, we obtain pee, 

1 

P=Po Po Beis (15) 
Agate acd pale te a 

(1 + Bo) 
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where p, and po are the degrees of polarization of the reflected 
light for B= 8) and in the limit Boo. The p-dependence of the 
polarization found in this way is the well known Umov~ effect. Al- 
so, it can be used for independent determination of g£ as a functiol 
of the concentration, and thus can serve as the basis for the spec. 
troscopic analysis of polydispersive scattering media. 

Experiments to test the relations obtained were undertaken by 
Il inapand Rozenberg / in the laboratory of E.V.Shpol'skii. The ex- 
periments were performed on polydispersive media with different 
structures, namely, on mixtures of powders, milk, rubber, and para: 
fin. Soluble dyes or pigments were introduced into these media ans 
the reflecting powers were measured (in relative units) as a func- 
tion of the concentration of the coloring substance; R, was taken 
as the reflecting power of the uncolored substance or of MgO powde: 
The measurements were performed on an FM-1 photometer with wide-bai 
filters. The light was incident on the surface at an angle of 45¢@| 
The observations were made at 90° to the surface. | 

Figure 1 gives the variation of R,/R with Caye/Cmilk for milk, ce 
lored by non-scattering (soluble) dyes. The solid line is the thee 
retical curve for Q = 2.3 and {= @aye / milk = 9-32. The theory pr 
dicts (see Eqs.(12) and (14)) that the experimental curves for the: 
different soluble dyes or different wavelengths should be trans- 
formed into each other when the relative concentration is multipli: 
by a factor equal to the ratio 02 
the appropriate values of ; ; thi 
factor is dependent only on the 
wavelength and the nature of the: 
dye, but not on its concentratio? 
Figure 1 shows some experimental. 
results which have been reduced 
this way. The agreement obtaine: 
is obviously very good. 


Fig.l. Comparison of measured Ro/R 
values for colored milk with the 
theoretical curve for Q = 2.3 and 
Y = 0.32. The dyes and light fil- 
ters used were 1) black India ink, 
green filter, y = 0.077; 2) black 
India ink, blue filter, ¥ = 0.062; 
3) red India ink, green filter, ¥ = 
= 0.145; 4) methylene blue, red fil- 
ter, y = 0.32; 5) methylene blue, 
green filter, Y = 0.053; 6) points 
according to Eq.(12) for y» = 0.32. 
The reduced curves (7) were obtained 
by multiplying the concentration c 
by the factor y /0.32. 


by (reduced) 


= taf sr = 


We note that if 851, we can write R,/R ~Qb, which simplifies 
the analysis to a large extent. In particular, if 8s1 , the wave- 
length dependence of Ro/R Should approximately reproduce (for a 
fixed angle of observation) the wavelength dependence of « (so long 
aS o and /f; are independent of the wavelength. 

If the dye has an appreciable scattering power, the variation 
of #&/R with C,/C, is altogether different, as may be seen from Fig.2. 
This figure shows the results of measurements on powders and vulcan- 
ized rubber colored before vulcanization by ultramarine blue. As 
C,/C; increases, R&,/R does not tend to infinity in this case, but 
to some limit. It is therefore more convenient to draw a different 
kind of graph, namely, one whose x-axis is laid off in values of 
C,/C, from 0 to 1 and values of C¢,/C, from 1 to 0. 


i Gd 


C, arbitrary units C/O ae he ean aCe 


: Fig.2 Fig.3 


Fig.2. The dependence of R,/R on the concentration of an insoluble pigment: 
1) MgO and ultramarine, yellow light filter; 2) MgO and lamp black; 3) same, 
_ but with a different light filter; 4) rubber colored with ultramarine (the re- 
_ flection coefficient was measured with respect to MgO powder); 5) theoretical 
_ value. 


Fig.3. Variation of R,/R with Co/C} for mixtures of MgO and ultramarine powders; 

1 & 2) experimental values for MgO and ultramarine in different parts of the spec- 
trum, 3) theoretical values, 4) points on curve (2) reduced according to Eqs.(12) 
| and (14). 


, In Fig.3 we compare the theoretical predictions with the mea- 
Sured dependence of A,/R on the concentration for a mixture of MgO 
' powder and ultramarine in two regions of the spectrum. The abcis- 
sae in Fig.4 are values of £(C,/C,), aS calculated by Eq. (14) (Bou- 
 guer's law) and the ordinates are values of B(C,/C,), as calculated 
from our Eq. (12) on the basis of the experimental dependence of 
ARij/R on C,/C. The experimental data fall close to the bisector of 
the angle formed by the coordinate axes, which may be taken as sub- 
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Q(C./C4) for curve II 
pete 


/ 74 J 
+ Soiree as 


Fig.4. Comparison of values of f 
calculated from experimental va- 
lues of Ro/R(6(Ro )) and for 
the known concentrations of the 
coloring powder (6(C2/c1)). The 
upper curve II in insert A repre- 
sents the low-concentration sec- 
see tion (A) of curve I plotted to a 
: larger scale. 1 & 2) MgO + ultra- 
marine for different parts of the 
spectrum; 3 & 4) MgO + lampblack. 


Bi RL/R) for curve II 


B(R,/R) for curve I 


a ay W 
Ri Co/Cy) for curve I 


We felt it would be of interest to compare the coefficients of 
absorption of the coloring substances, as determined from the chang! 
in the reflecting power of a polydispersive medium colored by then,, 
with the values obtained according to Bouguer's law by measuring thi 
attenuation of light in a non-scattering solution of the same dye. 
We did this by coloring milk with crystal violet and black India in 
and measuring the dependence of R on the concentration, as well as 
by direct determination of « for these two substances by measuring 
their transparency in two regions of the spectrum. In the experi- 
ments on reflection from colored milk, the value of « for crystal 
violet was used to find co for milk, and this value was then used to 
find « for India ink. The results of measurements in two regions 


of the spectrum are given in the table. 


Ind.ink 
according to 


Bouguer's law 


°Ind.ink 
from Ro/R 


measure- 
ments 


corresponding 
value of Ono] 
from measure- 
ments of Ro/R 


Adye accord- 
ing to Bou- 
guer's law 


0.061 
0.037 
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As may be seen, the results are quite satisfactory. Even in 
the first (worst) case the divergence lies within the experimental 
error in determining « for India ink as given by Bouguer's law. 
This experimental error is due to the fact that India ink hardly 
scatters light. 

Thus the experimental tests show the following. 

1. Equation (12) is a good description of the experimentally 
observed variation of the reflecting power of a colored polydisper- 
Sive medium with the concentration of the dye, at least for values 
of 6 that are not too small. From the nature of this variation one 
can immediately establish whether the dye is in solution. 

2. This makes it possible not only to determine the relative 
concentration of the dye but also to make separate determinations 
of the volume coefficients of absorption and scattering of the me- 
dium, i.e., to find the individual characteristics of the scatter- 
ing particles. 

Thus we now have a way of solving the basic problem of absorp- 
tion spectroscopic analysis of dispersed media. 

Let us now see what conclusions can be drawn from the above. 

First, it is clear that the method we have chosen for obtain- 
ing approximate solutions of the rigorously formulated equation is 
validated as a means for solving the inverse problem of propagation 
theory. Obviously, the work here presented can only be regarded as 
a first step. There is every reason to believe, however, that un- 


der different experimental conditions and with the appropriate theo 
retical analysis, the reliability of the results can be greatly in- 


creased. In other words, it is necessary to find the optimum con- 


ditions for solving the various particular problems. This involves 


among other things the developement of efficient methods of calcu- 
lation and simplified experimental procedures. It would also be 
desirable to develop a theoretical basis and means for applying our 
method to solving problems in the field of luminescence. It is 
very important to find experimental procedures which would not in- 


yolve “interfering'" with the medium itself by such expedients as 


varying the dye concentration. 
Further, the results obtained make it pressing to develop me- 


-thods for solving the inverse theoretical problem of scattering 


from individual particles, without which it is impossible to carry 


out complete spectroscopic analyses. The situation is still far 


from satisfactory in this regard. The specific theoretical diffi- 
culties holding back solution of this problem give reason to be- 
lieve that the relations obtained above (or analogous ones) can be 


used successfully for the experimental determination of the depen- 


* 


dence of «,<° and /2 on the dimensions of the particles and on the 


optical properties of the substance of which they are composed, as 


well as of the dependence of «,o and /,; on the concentration and 


— 


. 


ee 


size distribution of the particles. 


In any case, definite possibilities exist here for the develop- 
ment of spectroscopic analysis of dispersed, scattering media and 


the urgent need for such analytic procedures lends purpose to fur- 
ther intensive study of these possibilities. 
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BASIC PROBLEMS IN THE SPECTROSCOPY OF SCATTERING MEDIA 


- B.I.Stepanov 


There are two fundamental problems involved in spectroscopic 
analysis. A spectrum may be thought of as a photograph of the in- 
ternal properties of the examined System, a photograph in the sym- 
bolic sense, for intrinsic properties of atoms, molecules, and 
crystals are manifested only indirectly. By measuring the inten- 
Sities of absorption and emission one can determine the positions 
of energy levels, transition probabilities between them, and their 
populations and densities. Conversely, if one knows the internal 
properties of the system, one can learn to predict its spectrum. 
The basic problems involved in the spectroscopy of scattering med- 
1a are quite similar. The first problem is to find the intrinsic 
properties of the substance, i.e., the absorption coefficient of 
the given substance in the nondispersed state, from the transmis- 
Sion and reflection spectra. At the same time, one must find the 
index of refraction, on which all the basic properties of these 
spectra depend. For luminescent substances one must also find the 
true luminescence spectrum. Spectroscopic methods will be widely 
used for analyzing scattering materials only when this basic pro- 
blem has been solved. Only then will it be possible to identify 
Scattering substances unambiguously from their spectrum, clarify 
the structure of their molecules, observe chemical transformations, 
and evaluate the effects of intermolecular forces. The second ba- 
Sic problem in the spectroscopy of scattering materials is to cal- 
culate the transmission and reflection coefficients and the lumi- 
nescence intensity of a thick layer as a function of the wavelength 
from the absorption coefficients and indices of refraction of the 
main dispersed substance and the "SuSpending" medium, the degree of 
dispersion, the thickness of the layer, the properties of the sup- 
port or backing, and the luminescent characteristics of the main 
substance. There is also a third, more specialized problem, name- 
ly, that of determining the optical properties of a layer of dis- 
persed material of arbitrary thickness from its properties in spe- 
cific individual cases. In the past few years this last problem 
has been most thoroughly treated. 

Let us consider briefly the different theoretical concepts 
relating to this problem and see to what extent they may be of 
help in solving the fundamental problems of the spectroscopy of 
dispersed media. All the works in this field with which I am 
familiar can be divided into four basic groups. 

1. The general theory of homogeneous light-scattering layers 
and of diffuse illumination. aay 5 aah 
; 2s The theory developed by Gurevich’, Gershun“, KubelkaY’?"%, 

- Munk*, and others 6, a 

3. Transfer theory’ ~~. 
, 4. The theory based on the model of a light-scattering, haygr, 
‘ <= ii St novi3,14, Girin*’? 

as developed by Antonov-Romanovskii-~“, epa ; 5 
Bodol9, and Chekalinskaia~ *? 

Let us start by considering the first theory, which is very 
general and therefore very important. We subdivide the whole light- 
scattering layer into separate layers of arbitrary thickness and 
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consider two neighboring layers aa eer ere a and i ee 
; d 7 (z1,)denote the reflection é¢ ; : r 
ft ee) een Then the reflection and transmission CoO 
efficients of the combined layer of thickness 2;+ zi, are 
aly (1) 
R C2 + Zit1) =R (2) a R (Zi41) ee Ei (z;) R (2444) ’ 


T (2;) T (2444) (2) 
7 Gicl Zit) = sae (2) R(Zi44) © 


formulas are easily derived and are used by al- 
most Rinmenencne If we now assume that the medium is entirely 
homogeneous (which means that R(zi) = R(z;) and T (zi) = ((2;) if 2= 2; 
for all i and j, and further that R(O) = O and T(O) = 1), then 
Eqs. (1) and (2) lead immediately to 


See 


HAa) = HA 00) <page & 
(a aree ge (4) 
?@) = Te 


Equations (3) and (4) were first deduced by Stokes for a stace 
of plane-parallel plates. Later they were derived by Schuster” and 
Gurevich! for light-scattering layers. Although these authors con- 
sidered only special cases, it turns out that Eqs.(3) and (4) are 
applicable to all scattering layers so long as the scattering med- 
ium is entirely homogeneous and the illumination is completely dif- 
fuse. They are inapplicable to very thin layers containing only a 
few scattering particles, since in this_case the intrinsic inhomo- 
geneity of the layer will be evidenced.14 These equations also 
fail to take account of the distinctive conditions at the outer 
boundaries of the scattering layer; these, however, can readily be 
taken into account separately. 

It follows from (3) and (4) that the properties of any homo- 
geneous scattering layer can be specified by just two parameters. 
These may be Rg, and L. Knowing these parameters, one can calcu- 
late the reflection and transmission coefficients for a layer of 
any thickness. Let us call these the external parameters. Now 
the external parameters depend in a complicated way on the inter- 
nal parameters of the scattering layer, which are the indices of 
refraction and absorption coefficients of the dispersed substance 
and of the medium in which it is suspended, the size and Shapes of 
the scattering particles and their packing density. The values of 
Roo and L for a given substance are different for different degrees 
of dispersion. In the general theory we are now discussing, the 
relations between the external and internal parameters are not made 
abet ick 3 The external parameters must be determined from experi- 
ment. 

Let us now turn to the papers of Gurevich!, Kubelka?»4 and 
Munk4, which have given rise to a great deal of work and have been 


used widely by experimenters .6,18 All these authors all start with 
the relations 


R (Az) = k,Az, fe 
(Ka > hy) oe 


PRR MAS Sh 
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and 
T (Az) = 1 — k,Az, (6) 


‘that is, assume that for sufficiently thin layers T and R depend 


linearly on z. In these equations k, and k, are coefficients 
which characterize the light-scattering layer. It is easily 
shown that Eqs.(5) and (6) are applicable only within very narrow 
limits. From Eq.(6) it follows that k,Az<i. It is also clear that 
Az cannot be made arbitrarily small, for it obviously must be very 
large compared to the dimensions /! of the scattering particles. 
Hence 

lq Azo 


or hele 1, 
which means that when light passes through a layer of thickness / 
the resultant decrease in intensity must be very small compared to 
unity. For this reason (5) and (6) can be applied only to weakly 
absorbing and weakly scattering media. 

In any case, proceeding from (1), (2), (5)° and (6) and using 
the boundary conditions R(O) = 0 and T(O) = 1, Gurevich arrives 
again at (3) and (4) and thus obtains 


2RL Toke: 


k= — 
SN TSE es a 


(7) 


This means that k, and k, in (5) and (6) are a new pair of possible 
external parameters for scattering layers. In his later work3>4; 
Gurevich restates his results in a different form, but presents 
nothing fundamentally new. Gershun’ further develops this work to 
obtain an expression for the luminance within the layer, and more- 
over took the influence of the external boundaries into account. 

It has recently been shown!4 that Eqs.(5), (6) and (7) follow 
directly from the very general expressions (3) and (4) if one con- 
siders only weakly scattering and weakly absorbing media. The de- 
rivation was obtained by expanding (3) and (4) in series in powers 
Or. 

Let us now briefly state the results given by transfer theory. 
The fundamental radiative transfer equation is 


dI = [— hel (8,¢) + g2\ (0,9, 89°) (W',9') do] ds. (8) 


Here I is the light intensity, ds is the path length of the 
light, k,is the coefficient characterizing the attenuation due to 
absorption and scattering, iis a coefficient characterizing the 
energy of the scattered light, and (0,0, 6’,9’) is the scattering in- 
dicatrix. Unlike the previous equations, (8) is formulated for 
heterogeneous media, for arbitrary boundary conditions and for 
any direction of the incident radiation. Like (5) and (6), how- 
ever, it is also not applicable for strongly absorbing and strong- 
ly scattering media in which one cannot assume that the energy ab- 
sorption and scattering are proportional to ds. It should be noted 
that (5) and (6) and all that follows from them constitute a parti- 
cular case in the theory of radiative transfer, namely, the special 
case of diffusely illuminated homogeneous media. 

The transfer equation is very difficult to solve in general, 
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i ted. On the 
only some special cases have been treat 
t ere ne work done has been in application to astrophy- 
phere. Rozenberg alone’ has 


and so far 
pepe hysi of the atmos 
si the sics P 3 
reas PK Seanion from the purely spectroscopic point 2h ingens 

He considered a colored turbid medium and developed a met ofa, 25 
determining the external parameters k, and k, separately. m 
method served as the basis for an original procedure for quanti- 
tative determination of the concentration of a colored impurity*’. 

All the above attempts to describe the optical properties of 
scattering layers are purely phenomenological. They involve two 
(and if we include the scattering indicatrix, even more) paramet— 
ers of the scattering medium that must be determined experimental—- 
ly. Their relation to the internal parameters previously mentioned 
is not considered. This makes it almost impossible to use the re- 
sults of these theories for solving typical spectroscopic problems. 
In particular, these theories do not explain the changes induced in 
spectra when the suspended substance is further fragmented. Essen- 
tially, they can be used only to predict the variation of optical 
properties of a given type of scattering layer as a function of its 
thickness. 

Let us now discuss the possible ways of establishing the rela- 
tion between the internal and external parameters. For weakly 
scattering media, the problem consists of finding the laws charac- 
terizing the scattering and absorption by an element of volume. To 
do this one must determine the scattering and absorption laws for 
a single elementary particle and then take into account their mu- 
tual effect. Many investigations particularly those of Mie“Y, 
Fock2l1, and Shifrin?2, have been devoted to scattering by simple 
elementary heterogeneities. The results obtained are quite impor- 
tant in principle. In most important cases, from the practical 
viewpoint, however, the relation between the external and internal 
parameters as given by Mie's theory is too complicated to be use- 
ful for actual calculations. This situation might be changed some- 
what if electronic computers can be utilized for the computations. 

A simpler way to establish the relation between the internal 
and external parameters has been suggested by the fourth group of 
authors!2-16 (reviewed in Ref .23), who propose matching a specific 
model with an actual scattering layer. No single model will do 
for all scattering layers. Hence, for different types of layers 
one must use different models, determining their suitability ex- 
perimentally. After comparing with experiment one can either re- 
fine the model or discard it and turn to a new one. It seems to 
me that this is the only reasonable way to attempt to solve the 
problem, and that it can be used as a basis for interpreting and 
Systematizing the experimental data. 

Let us consider the basic model proposed in all of the cited 
works. Another model, suggested by Antonov-Romanovskiil » for 
particles with total internal reflection, has been studied in less 
detail. Let us compare a real light-scattering layer with a set 
of elementary layers; the thickness 1 of an elementary layer equals 
the mean dimensions of the scattering particles and characterizes 
the degree of physical dispersion of the given substance. The ele- 
mentary layers are separated from each other by boundaries whose 
coefficient of reflection is 2,/(14+,), where rm is the coefficient 
of reflection at the boundary between the main dispersed substance 


~~ 
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and the medium in which it is suspended. The coefficient of ab- 
sorption of the dispersed substance is k, and the binding or sus- 
pending medium is assumed transparent. The reflection and trans- 
mission coefficients of the system of elementary layers can be cal- 
culated using the Stokes!’ formulas deduced for a stack of plane- 
parallel plates. These formulas can be used if the coefficient of 
reflection is the same at all boundaries, or strictly speaking when 
the light is fully diffused. The Stokes formulas are 


Ron i 1 
p™ _ bm eel Re =< Em 5 (9) 
Re co = Rob-™ 
oe) 


where mz=z/l is the number of elementary layers (z is the thickness 
of the layer), and , 
( feck O20) 2p eee ae = 
‘itp RoP ya Oe Tae 3A); 


A=VUFR+T)C+R,—T)C—R, £T)U— RR, — Ty). 


(10) 


Here 


fy == To (1 — 79)? roe 2* (11) 


: E25 =o? 
4 roe 


4 —r,)2e—*! 
a . == a : 
are the reflection and transmission coefficients of a single ele- 
mentary layer. Girin and Stepanov43 and BodolS obtained other but 
equivalent expressions which are more convenient for the numerical 
calculation of Roo in some cases. Computation by means of Eqs.(9) 
to (11) is rather cumbersome, so that it became necessary to con- 
struct appropriate tables. This was done by Chekalinskaial® for 
Ry and 7, for all possible values of &/l and 7ro. We note that (9) 
becomes identical with (3) and (4) if we introduce the notation 


Lo™ and z/l=m. (12) 


Eqs. (9)-(12) can be used, in principle, to solve both the 
fundamental problems in the spectroscopy of dispersed media. The 
internal parameters 7,k and / can be used to find 7(z) and A(z) for 
all values of z. One need only know the equations relating 7 to 
the indices of refraction of the main substance and the binding or 
suspending medium. In the literature cited above, it is assumed 
that one may write approximately 

(nq =~ no)® 
thie, care cen (13) 
(n4 + No) 


where n, and no are the indices of refraction of the dispersed main 
substance and of the binding medium, respectively. 


So far Eqs.(9)-(13) can also be used to find the internal pa- 
rameters of a scattering layer. In this case, there arises, how- 
ever, an additional fundamental difficulty. As will be explained 


below, the reflection and transmission coefficients of a given 


scattering layer are determined by just two external parameters, 
say Roo and L, which can be calculated from experimental data. At 


the same time, there are three basic internal parameters (ro, k, and 


1) related to the two external ones by Eqs.(10)-(12). Hence know- 
ledge of Roop and L is not sufficient for calculation of all three 


4. y~ 
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j rnal parameters. One of them must be determined from other, in- 
‘ependent measurements. Stepanov, Chekalinskaia, and Ginintg have 
constructed tables and nomograms which can be used to find k and 7o 
from Roo» L, and 1, or & and J from Roo» L, and 7o » OF To and _/ from 
Roo, L, and k. The necessary calculations can all be performed very 
rapidly. Unfortunately, in the last case there arises a further dif- 
ficulty. Calculations show that for weakly absorbing and weakly 
scattering layers one can determine only the ratio r/l , rather than 
the two parameters individually. 

This procedure for finding two internal parameters of a scat- 
tering layer has not yet been tested in practice. The absorption 
coefficient & alone, however, has been determined for several cases. 
This was done by measuring the coefficient of reflection Roo Of an 
infinitely thick layer and independently determining both 7 andl. 
Equations (10)-(12) were then used to calculate kf. Antonov-Romanov- 
skiil? transformed these formulas and obtained simple expressions 
especially designed for calculating the absorption coefficient. 
Stepanov, Chekalinskaia, and Girin 4 have tabulated Eqs.(10)-(12), 
which, of course, does away with the need for numerical computation 
Bodolc was the first to calculate the absorption coefficient in this 
way; he calculated the coefficient for powdered violet glass at 
three wavelengths. When the values of k obtained were compared 
with experimental data for bulk glass, it was found that the accur-. 
acy is about 20%. Similar results were obtained later by Antonov—- 


Romanovskiil2 for certain crystal phosphors. In the accompanying 
figure we give the results!4 obtained 
i for powdered PS-5 glass using Zhidko- 


JO 


va's experimental data.24 The figure 
shows the kvs } curves as calculated 
from the reflection spectra for powd- 
ers with different degrees of disper- 
sion and in different binding media. 
The circles give experimental values. 
The agreement is almost perfect for 
curve 2. For the others, the error 
amounts to as much as 30-40%. It 
should be noted that the shape of the 
k vS i curve is very well reproduced 
in ail cases; this is significant 
since in most spectroscopic problems, 
one is interested only in the shape 
of the curve. Similar results were 
obtained for powdered SZS-8 glass. 


i 
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Fig. Curves for k= #/)) as calculated 
from the reflection spectra of P§-5 
glass powder: 1) in air, /= 50, , 2) 
in air, /= 115,, 3) octoil, J= 50u, 
gt a th cane 4) anise oil, /]=# 50. The circles : 
denote experimental values of k()) . | 
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Comparison with experiment thus shows that this model correct- 
ly represents the fundamental properties of certain scattering la- 


‘yers. The extent of its applicability can be found only by system- 


atic experimental research. Antonov-Romanovskii has already given 
examples of substances for which this model will not do (substances 
with a large index of refraction). It is also quite obvious that 
it can be used only when the particles are densely packed in the 
scattering layer. For colloids and other media with sparsely dis- 
tributed particles, the constants 4,1 and ro will not be the true 
internal parameters, but will only be related to them in some com- 
plicated, as yet unknown, manner. 

Let us now discuss the relation between the outlined concept 
and all the other purely phenomenological theories. Before going 
On,it should be noted that it is very closely related to the gene- 
ral theory of a homogeneous light-scattering layer. Both theories 
are predicated on complete homogeneity of the layer and the radia- 
tion passing through it and do not take account of changes in the 
properties of the light as it passes through the medium (actually 
the directed incident radiation is transformed into diffused, and 
polarized light into nonpolarized). This last situation is des- 
cribed only by transfer theory in taking into account the scatter- 
ing indicatrix. The similarity of the two theories is evinced in 
the identical thickness dependences of R and T, i.e., by the fact 
that Eqs.(3) and (4) are identical to (9) and (12). The unique 
property of our theory is that it clarifies the relation between 
the internal and external parameters, as given by Eqs.(10)-(12). 
Since this relation is hardly a universal one valid for all layers, 
it follows that the theory itself is of a rather special character. 

There is also a close connection between our theory and the 
theories of Gurevich and other authors. We have already seen that 
Gurevich's theory is applicable only to weakly scattering and weak- 
ly absorbing media and that it is obtained as the first approxima- 
tion in expanding R(z) and 7(z) in Eqs.(3) and (4) in powers of z,with 
k and k, in Eqs.(5) and (6) being defined in terms of Roo and L by 
(7). If we now express Roo and L in Eq.(7) in terms of the inter- 
nal parameters k,/ and rm using (10) and (12), then for weakly dis- 
persive and weakly absorbing media we arrive at 


2r 4 
d ba = jer eat (14) 
ps k Fede peated (15) 
2 Teaprpic. Taare 


Now the meaning of Eqs.(14) and (15) is very simple. The quantity 
2r,/U4+nm) is the coefficient of reflection of the interface between 
two neighboring elementary layers, 1/l is the total number of such 
layers per unit thickness, and 2,,/(1+7)!/ is the total reflection 
coefficient for all the elementary layers in a unit thickness. Thus 
Eq-(5) is valid only for weakly scattering media in which we need 
take into account only single scattering within each elementary la- 
yer. This deduction is substantiated by analysis of the transi- 
tion!4 from the exact formulas (3) and (4) to the approximate ones 
(5) and (6). Further, it is seen from (15) that the coefficient in 
(6) is the sum of k, of Eq.(15) and the ordinary coefficient of ab- 


To 


sorption multiplied by ae Thus the parameters k, and k, which 
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uthors up to Korttim & Schdttler® Opes 
classified as external, are preiete Eee Dae eee eric teroieee 

i directly the index of reiractl 
eeeenstien of tne dispersed substance. The difference Ded ade ] 
in experiment is almost exactly equal to the Sie SON re) p 
tion and is independent of the degree of fragmentation. ae 

The above comparison of all the extant theories leads oF 2 
conclusion that they have much in common. They are almost all i r 
entical in their description of the properties of homogeneous weak- 
ly absorbing and weakly scattering media under ePS GEEKS er | 
Only the general theory and the "specific model theory are app ica— 
ble to strongly absorbing and strongly scattering homogeneous media 
with diffuse illumination. The transfer theory is the only one that) 
can take into account the changes in the degree of diffuseness of 
the light. It is, however, applicable only to weakly absorbing me- 


dia. 


Gurevich and all other a 


None of these theories can describe the scattering of incident 
nondiffuse radiation in a strongly absorbing or strongly scattering 
medium. Their application to such media, where allowable, involves 
making some very rough approximations. 

One may ask why theories formulated with regard to diffuse il- 
lumination of homogeneous light-scattering layers give more or less 
satisfactory agreement with experiment even when the incident radia-- 
tion is nondiffuse, i.e., a directed light beam. There appear to be: 
two reasons for this. First, as the light penetrates into the layer’ 
it is rapidly diffused. Second, 7) would appear to be virtually in- 
dependent of the degree of diffuseness of the light. The existing 
divergence between theory and experiment is undoubtedly due to the 
use of directed illumination. If the illumination were diffuse, 
the agreement would probably be much better. 

Finally, I should like to say a few words about interference. 
It is extremely important to take it into account, since interfer- 
ence phenomena are frequently encountered. They must be allowed 
for in studying the properties of dispersive light filters, in in- 
terpreting the reflection and transmission by powders, when ny * no 
(see Eq.(13)), and in investigating infrared reflection and trans-— 
mission spectra, when /=). In its general form, transfer theory in- 
cludes this problem, although no conrete results have yet been ob- 
tained. All of the other theories we have considered are entirely 
inapplicable where interference is a major consideration, since in 
such problems the incident radiation is never diffuse (i.e., is ale 
ways unidirectional), the coefficient of reflection is small and 
the scattering indicatrix is highly singular. A separate, distinc- 
tive theory is needed to treat interference phenomena in turbid me- 
dia. At pests can mention only the work of Raman2°, Prishi- 
valko & Stepanov6, Sethy27, and Sogani28 on the theory of dispers- 
ive light filters. Now it is not even clear under what experimen- 
tal conditions one must (or need not) take account of interference 
phenomena. One of the basic problems is to study many-particle 
layers possessing interference properties. 


*These considerations are valid only when the particles are densely packed. 
Eqs. (14) and (15) cannot be applied to turbid media with loosely packed (ica. 
sparsely distributed) particles. : 
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There exist at present a number of different approaches to 
theoretical treatment of the spectroscopy of scattering media. One 
of the purposes of my discussion has been to compare the different 
theories and explain how they are related, in what ways they are 
Similar and in what ways different. This has been a relatively 
simple goal. It is much more difficult to clarify the range of ap- 
plicability of any of these theories to specific scattering media. 
This is because there is still very little experimental data avail- 
able. Most of it is of a very specialized nature and devoted to 
unrelated problems. What is needed now is systematic research to 
test the existing theories and determine their shortcomings. We 
will then be able to improve the existing theories, construct new 
models for light-scattering layers, develop new methods for calcu- 
lating their spectra and optical parameters and evaluate the poten- 
tialities of spectroscopic analysis with respect to turbid media. 
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ON THE MULTIPLICITY OF LIGHT SCATTERING 


—~ Iu.I.Chekalinskaia 


Investigations devoted to the optics of scattering media can 
be divided into two groups. In the one group (dealing with trans- 
parency and visibility and the optical properties of colloidal sys- 
tems!-*) only single scattering of light is treated, while in the 
other group multiple scattering is considered. The results of the 
first group can be used to describe the optical properties of weak- 
ly scattering media. In dealing with strongly dispersive media and 
thick layers of weakly scattering media, one must take into account 
multiple scattering .6- It is natural to inquire about the bounds 
of applicability of single-scattering theory. Or, more broadly, 
one can raise the question of the relationships between the diffe- 
rent multiplicities of scattering. 

This quer racn has already been discussed in the literature 
(Rozenberg® and Theissing!7). In the present report we deduce ex- 
pressions for the intensity of light which has undergone different 
rae ease eon Aarne tad taking into account the absorption of 
ae a yeu ae ae caste Meer eeemrte the relative intensities 
Se Spee car cre tee + erent multiplicities in the reflect 

: ne coefficient of absorption and the in- 
tensity of forward scattering at different depths. 

Consider a light-scattering layer contained between two infi- 
pve Cn enc Hesae A ce ae that the scattering particles are dis 
Peres goee Ee t pea oughout the layer and that the number of par- 
Cape tien Esty) me is quite large. Then the intensities are 

y) continuous functions of the layer thickness, and wei 
can use differential calculus. We shall describe the li ht’ 3 
sity within the layer in terms of two light fluxes : re 
forward in the direction of incident radiation and the eee | 
ward. The first flux is composed of the unscatter d li eres | 
light which has undergone one, two, three or mor eh oa teed 
whereas the second flux consists onl a ‘ oa 1 aH 
Theissingl? and Dexter & Beemanl8 aie chal Gharee tarzan ee 
tered light as the sum of si ; at ea bests” 
shall denote the light Pls aar tLe MeGRE ES namaRE tas bh 
ward (1) and backward (2) by J® and /@) pret tape SS oad aca a | 
Bae ae eee a layer of iar ht tod hee ee es ae depth al 

of it is scatt ; —s 
We shall assume Prac ake eee aes ae ce sees herpennt ce | 
ter may be called reflection) as well = rhe? scatterings (the late 
mentary layer are proportional to its thi a absorption in the ele— 
of light incident on this layer is /” Seong. sat a Te ene ae 
Irdz, that scattered in the fo a i Sper wpe et! ahaa hare 
sorbed is /»dz leaving ore ees Nee ae ae mis pee | 
without scattering. Here r,t and Pa ene canine Oe ae 
ent on the difference between th # are empirical constants depend— 
persed substance and the sus aa indices of refraction of the dis— 
tering particles, and the index af penne 5 oe at, eegan eee 
stance» ri characterieee mene pests absorption of the dispersed sub— 
and » the absorption in a layer aunt fe a, th eee ie | 
batwcontithersocwantanes PEaeler 2 unit thickness. The relation | 
mined! by the she scattering coefficients is deter- 

pe of the scattering indicatrix f i ea 
or a Single parti 
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cle. The quantity «=rttty», determines the attenuation due to 
scattering and absorption in a layer of unit thickness. 

; The change in intensity of the direct (unscattered) forward 
| light in the layer of thickness dz is therefore 


ay) 
dz 


= 2g, 


The intensity of the singly scattered forward light is decreased 
due to absorption and high-order scattering and increased by scat- 
tering of the "direct" light in the layer dz, so that we can write 
ay (1) 
Se 


The intensity of the scattered k-th multiplicity light changes for 
the same reasons as that of the singly scattered light, except that 
IP is further increased by the reflection of the (k - 1)-st multi- 
plicity light propagating backward, so that we have 

aq) (1) (2) (1) 

z= +r lye + Ue (1) 


Similarly, we obtain the set of equations for the backward flux, 
namely, 
dJ®) , dq) 


=F aol Hr $1 and ae az = —al® +77, (1') 


Unlike Theissing's equations, these include absorption as well 
as scattering. Eyuations (1) are valid if one can choose a layer 
of thickness dz such that only single scattering takes place with- 
in it. Otherwise, light of the k-th multiplicity can be transform- 
ed in the layer not only into the (& + 1)-st but also into higher 
multiplicity components. This restriction makes the theory inappli- 
cable to strongly scattering media. 

We now integrate (1) with the boundary conditions 


1 (0) =Ip, I (0)=0 and I} (d) =0, 


- where d is the thickness of the entire scattering layer. This gives 


I%Z)— ee 
ID (2) = Iptze~*”, 
T® (z) — Tee [‘S — es + a ened (4 a em ’ (2) 


2a 


erect ch atl loll aye io uiticl | a Liok ie et ve. 50) AON cogs emk OL Op Oke) (Oh east Jes: § os od loath, 0 ‘ree).8  @ 


fie (z) = oe ex? (e--2%2 _ e—20d), 


he (z) — ets e%2 [az (e—2% + e—20d) - e—242 — en2ad (4 + 2ad)], (2 ' ) 


As adc, the solutions become 
1 (z) = My, 12(2) = My, Iz? (2) = Ms +35 M: 
2 r2 
ihe (z) = M; +— M,+ mri M,, 


3 7p 2 2 r2 fe 
1P (0) = Mat 3 Mat ger (Bt ae) Mat aes (Ota) 


at 
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t 
1 (2) = 5” My, IP (2) = gM + gor Mo, 
2 r2 
190) = 9 Mat ga(F +8) Mt s(t F) Mo 
Cree. r 3 
1D ()= a Mat aa(t +7) Mat galt Gr) Mit (P+ Ge) Mo (3) 


Ce ee emer ee ee, ee ee ee ee oer Yee ye ee Oe ee ey CY ert ee a OR Ce oe Wr Oe De OO 


where M,= 1, eee iO A aro ae). 


For the particular case of strong forward scattering (t 7), 
when we can neglect terms of order 7*, the expressions for the for- 
ward and backward components of any given multiplicity can be writ-— 
ten in the form 


k-1 
— p) 1?—2 
j= M+ (k “ 


p=1 


Mi, 


(2) es, 
Ii; =4 5 ($) We: (4) 


Analysis of the above solutions leads to the following. 

1. The intensity of the reflected light depends explicitly on 
the coefficient of absorption. Thus, if we set z = 0 in (3'), we 
have 


Ir (2) Iort yale 0m 2 
egg) tt ae te aoa ete 


Ior 3 (2 Ip 3 ré 


2a4 
(2) Ter (as 4: 9 33 a 4 
1 ers (8 4 er? + pir F 


Ipr 15 15 5 
TP = oe (t+ Gut eer + art), 2 


Figure 1 shows the functional 
dependence of the intensity of re- 
flected light of different multipli- 
cities on the coefficient  charac- 
terizing the absorption (for r = 0.1 
and ¢ = 0.9). As may be seen the 
portion of reflected light decreases 
with increasing which is qualita- 
tively borne out by experiment. 


Fig. 1. Intensity of the reflected light 
as a function of the absorption coeffici- 
ent (the numbers of the curves indicate 


= 


the different multiplicities of scattering). ; ry arene) 
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Theissing's equations do not take 
account of absorption. He attempt- 
ed to allow for absorption at the 
last stage of his development, re- 
placing e (r+)z by e-(@+t+2 and 
arrived at the incorrect conclus- 
ion that the coefficient of reflec- 
tion of an infinitely thick layer 
is independent of uw. 

2. It follows both from the 
curves of Fig.l and Eq.(5) that the 
intensities of the different multi- 
plicities of scattered light de- 
crease unequally with the increase 
in #4; the higher multiplicities de- 
crease more rapidly. Thus if uw is 
sufficiently large, one need con- 
Sider only the first two orders of 
scattering, i.e., single and double. 

3. The intensities of the dif- 
ferent multiplicities of forward 
scattered light in an infinitely 
thick medium first increase with 
the optical depth, reach a maximum 
Fig.2. Variation of the intensity value, and then begin to decrease. 
of the forward scattered light as a Fig.2 shows the variation of the 
function of the optical depth (the scattered light intensity with the 
numbers at the curves indicate the optical thickness «az of the layer 
different multiplicities of scatter- for a number of different values of 
ing). Solid lines - ¢ = 1, 7 =0, Uw, r and ¢t. It is seen that the dif- 
and »p = 0. Dash lines - t = 0.5, ferent multiplicities have maximum 
r = 0.4, and » = 0. Dot-dash lines - intensities at different «az values. 
t = 0.6, 7 = 0.4, and » = 0.1. As we go to higher multiplicities, 

the maxima are gradually flattened 

out. Media with r=0O have maximum 
ITP at az = 1, maximum IP at az = 2, and maximum J! at oz=k. If 
r#=O and i+0O, the maxima of all the multiplicities except that 
for the singly scattered light move towards smaller «. The maxi- 
mum of the singly scattered light always remains at az=1. 

It is interesting to compare the above results with Timofeevas 
experimental data2l, which has been qualitatively explained by 
Shuleikin29. The curves of Fig.2 have some resemblance to those 
of Timofeeva, which give the intensity of scattered light at vari- 

ous angles of observation as a function of the optical thickness 
OZ. We have already explained how in our case the magnitude and 
position of the maxima depend on the multiplicity. Now Timofeeva 
found a similar dependence on the angle of observation. This makes 
it reasonable to suppose that the light scattered at a given angle 
has been scattered a definite number of times. Small scattering 
angles correspond primarily to low multiplicities; large angles to 
high scattering orders. Thus, for instance, it is established by 
Timofeevathat for a scattering angle of 10° the intensity of scat- 
tered light has its maximum value at a depth «z= 2, the «az value 
at which the maximum for double scattering occurs. Thus it may be 
inferred that the light observed at an angle of 10° is due primari- 


: ly to double scattering. 
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The curves of Fig.2 do not explain why Timof eov! Ob an 

crease in the depth at ie THe are ee Stee eee a 
j ngles greater an . 
vette meget will be obtained if one includes not oe epee? 
tion, but the change in 7 and ‘ete ae Aue LiCneem tiplicitiae 
i i tting up and solving ee ° 
orang Serr ep eee Crete ntomnede of the light-scattering ee 
the larger the contribution of the higher multiplicities to the 
light flux. ; 

caets Silt Rena ae? from Fig.2 that ina nonabsorptive medium 
scattering only in the forward direction ( = Oa 0, ¢ * O) the 
doubly scattered light is more intense than the singly scattered 
even at oz > 2, while at a >3, the triply scattered light gives 
the main contribution together with the light of higher orders. For 
rx 0 and a fixed value of (r+/), the greater the absorption coeffi- 
cient the deeper one must go before the higher multiplicities be- 
come predominant. Thus, if ¢ = 0.6 and 7 = 0.4 in a nonabsorptive 
medium, the intensity of the doubly scattered light is greater than 
that of the singly scattered starting with « = 2.8. If, on the 
other hand, 7, = 0, this occurs at «z = 2. Further, it will be seen 
from the curves of Fig.2 that absorption also retards the predomi- 
nance of the multiply scattered light. 

5. In the special case when r = 0 (nonreflecting medium) Eqs. 
(4) are simplified and become 


(1) ~o (1 # tz)? iz) 
I) xz Iye-e?, ID) = I tze—22, i? Sip eae Ieee aes 


daestece 


Similar expressions were obtained by Dexter & Beeman1!8 who 
treated an analogous problem, but without taking reflection into 
account. 

6. If we are not interested in the multiplicity of the forward 
Scattered light, but wish only to differentiate between the trans- 
mitted and reflected light, we can deduce the following expression 
for the coefficient of reflection for an infinitely thick layer 


or? 


r (pe ine 
Reo= ar-5a) + ap-tap + top pep t Bepe 


This expression is identical with the infinite series obtained by 

Gurevich.19 Thus each term in Gurevich's formula for Roo repre- 
erat the contribution from successive odd multiplicities of scat- 
ering. 

7. If one considers only the first two multiplicities of scat- 
tering in the reflected light and assumes that a colored medium 
scatters in the same way as a colorless one, the ratio of the co- 
efficient of reflection for noncolored and colored media is 


tie af 1+) 
Regan (+rh ye 
r+t r--t 


This is the same as Rozenberg 's8 equation (1). In Rozenberg's no- 
tation —=8 and 1+.5=@. We have assumed hitherto that ; 
and ¢ are the same for the scattered and direct light and that 
these coefficients are independent of the multiplicity of scatter- 


| 
ing. This assumption is strictly valid only when the scattering 
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medium is illuminated by completely diffuse light. 
the forward and backward scattering coefficients are not equal 
for directed and diffuse light. In further work we intend to 


take this into account and investigate the dependence of r and 
t On the multiplicity. 


In general, 
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F ADSORBED SUBSTANCES 
TERMINING THE TRUE ABSORPTION O 
a merrcl THE DIFFUSE REFLECTION SPECTRA (Abstract*) 


- Z. V. Zhidkova 


r research on the determination 


i i bstances b 
of the true sbeorption spsetiun EM) eorevictel cater iete am 
the diffuse reflection ° : : 
performed On OPEque. Come ete ee eee ee aneich ee eeneae 

red glass, etc.). : 

Pete eee ay pee ache? that the case of weakly absorbing sub- 
stances in the dispersed state the plot of -log R vs pe vate oa 
length A qualitatively reproduces the K(A) curve for ore s ag 
in the bulk (here R is the coefficient of reflection). e maxi 
ma and minima of -log R and K occur at the same values of A-yebut 
are more smeared out in the case of -log R because of the charac- 
teristics of light transmission through scattering media. The 
similarity of these curves is greater for higher degrees of dis- 
persion of the powder and for larger values of the index of re- 
fraction of the powdered substance and the binding medium. 

In the present work the investigation was extended to adsorp- 
tion phenomena, the experiments being performed on adsorbate pow- 
ders, whose particles are colored only on the surface. 

This complicates the problem by making it necessary to take 
into account and evaluate physico-chemical factors affecting the 
absorption spectrum of the adsorbed substance. These factors must 
be distinguished and separated from the optical ones.** 

The experiments were performed on powders consisting of fused 
and unfused particles of glass and quartz with coloring materials 
adsorbed on them. 

The experiments established the following. 

A. The diffuse reflection spectrum, that is, the -log R(A) 
curve of the adsorbate reproduces qualitatively the absorption 
curve D(A) of a film of the adsorbed substance, in that 1) maxima 
and minima occur at the same values of A and 2) if there is more 
than one maximum, their relative magnitudes correspond. 

B. In view of the light-transmission characteristics of scat- 
tering media, the shape of -log R(A) curve is always somewhat dif- 
ferent from that of the D(A) curve. 

If the dispersion curves of the adsorbent and binding medium 
are parallel or almost parallel, a decrease of the relative index 
of refraction no of the adsorbent and the. medium leads to an in- 
crease in the half-width of the -log R(A) curves and smearing out 
of the maxima and the minima. The greater mo, the greater the sim- 
ilarity between the two curves mentioned in paragraph A. 


The report describes furthe 


*Complete report in Sb."Primenenie metodov spektroskopii v 
promyshlennosti prodovol'stvennykh tovarov i sel'skom khoziaistve"' 
(Use of Spectroscopic Methods in the Food Industry and Agriculture) 
Leningrad State University Press, 1957. 

**Among the optical factors affecting the reflection spectrum 
are the size of the powder particles, the relative index of refrac- 


erage the angle of incidence of the light, the angle of observation, 
etc. 
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If the dispersion curves of the binding medium are far from 
parallel to those of the adsorbent, the -log R curve may be very 
different from the D curve in that the positions of the minima 
and maxima will occur at different values of A and the relation 
between the heights of the maxima will be changed. 

C. AS opposed to powders in which the particles are colored 
throughout their volume, in the present case, variation of the 
geometric size of the adsorbent grains is not an optical factor; 
if one varies the grain size without changing the character of 
their adsorptive surface, the -log R(A) curves will not change. 

This was observed for fused particles and is true for monomolecul- 
ar and even non-monomolecular adsorbed layers. 

D. If the physico-chemical properties of the adsorbed layer 
change with variation in the degree of dispersion of the adsorb- 
ent, the -log R(A) curves may be greatly altered. This alteration 
reflects an actual change in the state of the coloring material ad- 
sorbed on the powder with increase or decrease of the size of the 
powder grains. This is the situation that arises in the case of 
powders of nonfused particles and particles having a well devel- 
oped adsorptive surface (highly porous adsorbents). 
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NVESTIGATION OF MIXTURES OF POWDER SPECIMENS 


(Abstract*) 
-~ A.P.Ivanov & A.S.Toporets 


SPECTROPHOTOMETRIC I 


There are cases in which one must deal with reflecting layers 
consisting of particles that differ as regards both their absorb- 
ing and scattering powers. By varying the relative concentration 
of the components of such a system one can to some extent change 
both the reflected spectrum and the integral reflection coeffici- 
oe There are no theoretical investigations of such systems. 
Therefore attempts to calculate the reflection spectrum of such 
a mixture from the reflection spectra of its components are neces - 
sarily based on regularities established for systems of identical 
particles. Authors treating the subject generally assume that the 
coefficients of absorption and scattering are additive, i.e., that 
the absorption and scattering coefficients of a mixture are a lin- 
ear combination of the coefficients of the components. 

That these coefficients are additive cannot be doubted when 
the absorption and scattering are continuous functions of the 
thickness. Actually, however, light-scattering media consist of 
particles of finite dimension. To satisfy the continuity condi- 
tion, therefore, it is necessary that an "element of volume" con- 
tain a sufficiently large number of particles and that these par- 
ticles be characterized by weak absorption and weak scattering. 

It follows that the scattering and absorption need not always be 
additive. 

We attempted to approach this problem from the point of view 
of studies taking into account the actual characteristics of scat- 
tering media, including their lack of continuity. 

Our investigations were performed on the reflection spectra 
of mixtures of glass powders, because their fundamental properties 
are known or can be easily found. 

Using earlier work by Bodo! and Girin & Stepanov2 as a basis, 
we propose a new method for calculating the reflection coefficient 
of a mixture from the known coefficients of the component sub- 
stances. The values obtained in this way are in good agreement 
with the experimental data. 

During the course of the work we also discovered that the 
Shape of the reflection spectrum depends not only on the composi- 
tion of the mixture, but also on the degree of dispersion of the 
powder. For mixtures with the same composition but with different 
particle dimensions, the maxima and minima of the curves may occur 
at different wavelengths. 
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*No information regarding publication of the full report given. Translator. 
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INVESTIGATION OF THE REGULARITIES OF EMISSION OF FINELY DISPERSED 
LUMINESCENT MEDIA 


- A.P.Ivanov 


The present communication deals with the dependence of the 
luminescence of a scattering layer on its optical parameters. 
Assuming as an approximation that the scattering, absorption, 
and emission are continuous functions of the layer thickness, we 
deduced formulas characterizing the luminescence output both on 
the side of excitation and on the opposite (back) side of the 
screen. These formulas are applicable to the excitation of lumi- 
nescence by ultraviolet as well as by elementary particles (a- 
and B-particles). 
Analysis of our results 
WCB brought out the regularities 
characterizing the variation of 


; the luminescence output as a 
aa function of the degree of dis- 
‘ ~ persion, the index of refraction, 
=, 1 the coefficient of absorption, 
the thickness of the layer, etc. 
It was established that depending 
on the type of excitation greater 
fragmentation of the luminophor 
powder may lead either to an in- 
crease or to a decrease of the 
effective luminance. We also in- 
20 20. +60 60 60100 200 400 60068001000 Lu vestigated the question of deter- 
mining the optimum conditions for 
Fig. Luminescence output of pow- maximum luminescence output. 


dered ZhS-9 glass as a function The results of our investiga- 
of the particle dimensions for tion can be used to estimate the 
two values of the index of re- true luminescence spectrum and 
fraction and wavelength of the output from the measured spectrum 
incident radiation: 1) K = 0.5 and output. The problem was 
mm-l, A = 365 mu; 2) K = 10 mm-1, treated both experimentally and 
A = 312 m. theoretically. 


; The experiments were performed 
on powdered ZhS-9 glass with particles from 5 to 1000 LW in diameter. 
“The monochromatic exciting radiation in the range from 230 to 365 
mi was obtained by means of a two crystal (quartz) monochromator. 
The accompanying figure shows the theoretical curves and ex- 
perimental points characterizing the variation of the luminescence 
output as a function of the particle size for two values of the in- 
, dex of refraction. These results as well as those of other tests 
show good agreement between experiment and theory and indicate that 
our method of calculation is applicable to most powdered lumino- 


phors. 
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INDICATRICES OF LIGHT SCATTERING BY DEVELOPED PHOTOGRAPHIC 
EMULSIONS ON A TRANSPARENT BASE 


~ Iu.N.Gorokhovskii & I.M.Davydkin 


Introduction 


Light passing through a developed black-and-white photograph- 
ic emulsion undergoes appreciable scattering owing to the dis- 
persed distribution of the blackened silver grains. In view of 
this, in photographic densitrometry it is the practice to distin- 


guish between a number of different blackenings, comprising a setl 


of density values and defined by the values of the angle w: of the 
beam illuminating the film and the angle o, subtended by the pho- 

tometer viewing the film. These different densities are defined 

in the table below. 


EEE EEE EEEEInEnE EEE 


Oo = 0 0<a.<2r Oo = Qn 
Regular Integral 
o, = 0 density density 
D| Dz 
Effective 
0<a,<2r density 
Dg 
@, = 2n D+. Diffuse density D+ 


In all cases D, >D,>Dz~D,. 

In the present article and the one which follows?, we shall, 
extending the work of other authors3-7, consider in detail the 
physical processes involved in light scattering by photographic 
blackenings under various conditions. In addition, we shall cal- 
culate the integral and effective densities on the basis of mea- 
sured values of the scattering indicatrix. 


1. Procedure 


The experiments were performed on two emulsions of very dif- 
ferent graininess, namely, very fast Aerorapid aerial film and 
slow Printon K commercial photographic film. Forty-three samples 
of blackening were prepared with different diffuse optical den- 
sities, obtained by developing the films in different developers 
to different degrees of contrast. 

The diffuse optical densities were measured on an IFT-11l 
wedge densitometer, carefully calibrated by means of a set of 
density standards® and the integral densities were measured by 
means of an integrating sphere. 

A special wedge goniophotometer was constructed to measure 
the scattering indicatrix. The instrument is diagramed in Fig.l. 
Here S is the light source (an STs-62 point source), the light 
from which is collected by the two-lens condenser L) and focused 
in the plane of the diaphragm A. This diaphragm has a circular 


Fig.1. Diagram of the set-up for measuring the scattering indicatrix. 


aperture, 1.4 in diameter, in the principal focus of lens Lg 

(f = 100 mm; relative aperture 1:4.5). The almost parallel beam 
from Lg falls on the face of the photometer cube P. The ocular 

L3 (f = 75 mm) is focused on the face of the cube and forms an im- 
age of the source on the plane of the viewing slit C. The light 
from the comparison source S' is similarly focused by condenser M 
in the plane of the aperture N,which is situated in the principal 
focal plane of the lens R. The almost parallel light beam leaving 
R is incident on the other face of the photometer cube. Dia- 
phragms Bj, B2, B3 and B4 with openings 8 mm in diameter define 
the beam and suppress stray light. 

The aperture angle of the illuminator is 0.8° and equal to 
that of the "receiver", i.e., the viewing system. 

The blackening sample D being measured was inserted at dia- 
phragm B]. The illuminating part of the apparatus from § to l2 
together with the sample D could be rotated through different an- 
gles about a vertical axis in the plane of the sample. The bright- 
ness B of the sample was measured by comparing it with the constant 
brightness field from the standard source by using a neutral gray 
wedge K with a constant of 0.225 between the photometer cube P and 
the ocular L3. To increase the range of measurement another wedge 
K1] was used in the beam from the standard source. 

The brightness B of the samples was measured at angles of 0,1, 
2. 4,16, 8,10, 12,.15, 20, 25, 30, 35, 40, 45, 50, 60 and 70° 
with the normal to the blackening plane. 

We note that the measurements at 0° give the regular optical 
density of the emulsion. 

The results of the scattering indicatrix measurements were 
“plotted in polar coordinates in the form of log 4,vs f; that is, 
each value of the logarithm of the transmission coefficient was 
laid off in the corresponding angular direction. 


2. Experimental Results 


Figures 2 and 3 show two representative families of scatter- 
ing indicatrices for blackenings of various densities in Aerorapid 
film, obtained by developing in developer No.1,according to GOST 
(State Standard) 2817-50,8 to gammas of 0.73 and 1.5. 

It is seen that the scattering indicatrices are always highly 
peaked in the forward direction (due essentially to the scattered 
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light) and that for optical densities greater than 0.3 the scat- 
tering indicatrices do not in general intersect (that is, the in- 
dicatrix for a higher optical density lies entirely within the 
indicatrix for any lower optical density). 

Such scattering indicatrices are, however, not the most con- 
venient ones for comparing light scattering by different blacken- 
ings. Therefore all the indicatrices in a given family were nor- 
malized to the same value at o= 0. 


70° 60° Sample NM 1: Dy =1,78, Dy = 3,20 
50° Sample N 2: Dy = 1,52, Dy =— 2,82 
Sample N 3: Dy = 1,03, Dy = 2,00 
Sample NM 4: Dy = 0,34, Dy = 0,80 
Sample M5: Dy = 9,16, D4 = 0,30 


4 
he 8, relative units 


Fig. 4. Aerorapid film; developer No. 1; 7= 1.5. 


Ne 4: Dy = 0,34, y = 4,5 

Ne 15: Dy = 0,32, y = 0,78 
Ne 16: Dy = 0,34, y = 0,35 
Ne 8: Dy = 1,14, y = 1,30 
Ne 13; Dy = 1,12, y= 0,73 
Nei: Dy = 1,78, y= 1,5 

Ne 6: Dt = 1,76, y = 1,30 


log #, relative units 


Fig. 5. Aerorapid film; developer No. 1; D,= const. 
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indicatrices corresponding to 
that as the diffuse optical den- 
the scattering power of the 


Figure 4 shows the normalized 
those in Fig.3. It shows clearly 
sity increases for a given gamma, 
blackening also increases. 

Figure 5 shows three families of normalized scattering indica- 
trices of photographic blackenings of the same optical density, 
but obtained by developing to different gammas. It turns out that 
as the gamma is increased the blackenings of a given density yield 
convex scattering indicatrices, i-.e., are characterized by a high- 
er scattering power. 

Figures 6 and 7 compare blackenings of equal optical densities 
developed to equal gammas but in emulsions with different graini- 
ness. It will be seen that for these the scattering indicatrices 
are quite different. The more grainy emulsion is characterized by 


more convex scattering indicatrices. 


o, 


70 


Sample N 12: Dy = 0,56, y=1,00. Aerorapid 
Sample NM 35: Dy = 0,54, y= 1,00. Printon K 


Jog 8, relative units 


Fige 6. Different emulsions; developer No. 1. 


507 


Sample NM 23: Dy = 0,94, y= 0,80. Aerorapid 

429 $$ Sample M 42: py 0,97, y=0,70. Printon K 
N? ; be ie N24: Dy = 0,46, y= 0,80, Aerorapid 

ample ¥ 43: Dy = 0,45, y=0,70, Printon K 


N4, ENS NS Q 10° 


Q z ae Q 
EES pata : 
me -. 5 = 
2 4 Seer 
log@ relative units 


Fig. 7. Different emilsions; Siza developer. 
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Comparison of the scattering indicatrices of blackenings of 
equal density in a given emulsion developed to the same gamma in 
different developers (metol hydroquinone developer No.1, metol 
developer No.2, and glycin-paraphenylene developer Siza-IIIA) 
showed that the influence of the developer on the scattering in- 
dicatrix is negligible. 


3. Determination of the Integral 
Optical Density of Blackening 


The scattering indicatrix can be used to calculate the frac- 
tion of the total light flux which passes through the blackening, 
and from this one can determine the integral optical density of 
the blackening and calculate the effective densities for illumi- 
nation by parallel light beams. 

The total light flux F emitted from the viewing side of an 
area S is given by 

T/2 
ie OTS, \ By sin ¢ cos oda, (1) 
0 
where » is the direction of viewing for which the brightness B, 
is obtained. 

We break up the integral from 0 to «/2 into a sum of inte- 

grals, writing 
nia %t}4 nia “ttt 
Hoes aS 5) \ B,, sing cos gdp = aS S} \ Bo, sin 2odp. 


0 % 0 


If we now consider the brightness 8,, to be constant within 
the solid angle w, in which the light flux is determined, we have 
iy a 
: Tv n , 
Fons D Be \ sin 29de = —- x By, (cos 29; — cos2¢;,,,), (2) 


/ 


a 

where 9, and g;,, are the rectilinear boundaries of the solid angle 
®; in which the brightness is assumed constant, and 9 is the di- 
rection of measurement. 

We shall consider the boundary of the solid angle between two 
neighboring directions of measurement o;; and o; to be the gene- 
ratrix of the cone that bisects the solid angle subtended by 
these two directions. Now the solid angle defined by ¢i, and 9; 
will be e; 


@ = an \ sin ede = 2 (cos gi-1 — COS 9%), 


Pi-1 


and half of this angle will be the angle bound by 9,_, and 9; or ®; 


and 9;. 
Therefore the boundary of the solid angle will be given by 


cos 9, = = (cos 94-1 — 0S ¢i). (3) 


The difference in the cosines of the boundary angles will ob- 


viously be 


, ' 4 
cos ©; — 60S 94, = 5 (COS is — COS Pita) (3a) 
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formula for the cosine and in- 
we obtain an expression for the 
s values observed in 


If we now use the double-angle 


sert the values from (3a) in (2)5 
light flux in terms of the measured brightnes 


the various directions, namely, 
S 1 iS 
B= Dy Be, (0082914 — 605 2141) = FD BeiCs (4) 


and 9j;, are neighboring directions of measurement 


where 9-1, Yi: wet 
are the so-called angular coeffici- 


and the ¢€;= = (cos 29;-1— Cos 20:41) 


ents .9 
With our directions of measurement, Eq.(4) becomes 


- a @ |) cos ()° — cos 2° cos 0° — cos 4° cos 2° — cos 8° 
Pot s{p, Com? | pete 2s 
} ce cosas cos 20° — cos 30° cos 24° —cos 40° 
=f (pe ss _ oes OW are 5 oe 5) or 
S02 —cogio0e cos 80°—cos 100° cos 90°—cos 120° 
+ Boy = +... + Bas —— ——_ + Bd —— 5 — 


cos 140° — cos 180° cos 160° — cos 180° 
ate epee is : a BS. ; e (5) 


This is the expression we used in our calculations. 
The integral optical density of the blackening is defined by 


re Te (6) 


Here Fy; is the total flux passing through the blackening as giv- 
en by Eq.(5), and F, is the incident flux on the blackening, 
which is obtained by measuring the brightness in all directions 
in the absence of the sample. In the latter case all the &,, 
except that for 9; = 0 are zero and only the first term in Eq.(5) 
remains. Then 


S cos 0° — cos 2° 
Fy = By > D) = = + SBCo, 
where Cy = ~ (cos 0° — cos 2°), and £,is the brightness of the photometer 
cube face for 9 = 0 in the absence of the sample. 


Therefore 
IBGE 
Dz = lg——"*_ = lg BoC) — lg >) Bo, Ci. 
2) Bok t 
Setting B,= 1, we obtain 
Dz = —3,5157 — lg >) Bg, Ci. (7) 
1 


We used this equation to calculate the integral optical den- 
ant of blackening of our samples. The results are given in the 
able. 
We compared our calculated integral optical densities of 
blackening with the values obtained in measurements by means of 
an integrating sphere. The difference was no greater than 0.05. 


2503 = 


Diffuse and integral optical densities of blackening 
of Aerorapid and Printon K film samples 


Sample ¥. | we Px, Dy, 
calculated | experimental 
Aerorapid, developer No.1 
f as 1,78 Al Tass 4,767 
2 10 1,52 4,519 4,920 
3 AS 1,03 1,018 4,019 
4 4,5 0,34 0,320 Ove22 
5 4,9 0,16 0,148 0,154 
6 4,30 1,76 e796 4,807 
7 1,30 4.44 tPA, 4,460 
8 16S 1,14 AR AA3 4,129 
9 Ae30 OMS 0,702 0,750 
10 1730 0,26 0,245 On252, 
41 4,00 il ean 4,295 al eyaih 
12. 1,00 0,56 0,531 0,500 
43 0,73 1k heal 1,149 
14 0,73 0,78 0,751 0,790 
45 OFS Ons2 0,282 0,292 
16 0,35 0,34 0,298 0,296 
47 0,35 0,14 0,124 0,126 
Aerorapid, developer No.2 
18 0,95 1,65 1,663 4,670 
19 0,95 0,78 0,800 0,820 
20 0,67 41526 1231 4,279 
24 0,67 0,82 0,800 0,820 
22, 0,67 0,36 0,339 0,353 
Aerorapid, Siza developer 
23 0,80 0,94 0,913 0,949 
24 0,80 0,46 0,439 0,434 
20 0,80 0,28 0,260 0,276 
26 0,58 1203 4,003 4,036 
27 0,58 0,51 0,496 0,519 
28 0,08 0,32 0289) 0,319 
Printon K, developer No.1 
29 2,0 173 AS) 1,741 
30 2,0 0,48 0,454 0,454 
on 2,0 0,28 0,258 0,272 
BZ 4,390 0,98 0,939 0,975 
oo 4,35 0,39 0,365 0,373 
34 4,00 1,07 4,039 4,040 
35 1,00 0,54 0,490 0,480 
36 4,00 0,34 0,306 0,320 
Printon K, Siza developer 
37 1,25 Meo A219 e209 
38 4,25 0,32 0,292 0,314 
4,00 0,90 0,873 0,915 
i 4,00 0,47 0,440 0,404 
4A 4,00 0,32 0,284 0,305 
42 0,70 0,97 0,949 0,944 
43 0,70 0,45 0,426 0,450 
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4. Effective Optical Density of Blackening 
Under Parallel Illumination as a Function 
of the Solid Angle of the Viewer 


The effective optical densities for different solid angles 
w,of the viewer, with w:=0, can be calculated using the analo- 


gous equation 
Do=l8 5 (8) 


where F.,, is the flux incident on the "radiation receiver" with a 
solid viewing angle «a. 
Proceeding in exactly the same way as for the integral opti- 
cal density, we obtain 
Pi 
Do. = — 3,5157 — Ig >) By,Ci. (9) 
0 


Figures 8 and 9 give the solid-angle dependence of the opti- 
cal density determined in this manner. 


Bae 
| 
OD 


Rae 
ery 


act Optical density of blackening as a function of the 
angle of the receiver. Aerorapid film, developer No.l. 
Sample N41: Dy = 1,78 


Sample ™ 2: Dy = 1,52 Sample ™ 6: Dy =1,76, y= 41,30 
Sample M 3: Dy = 1,03 oe Sample M 15: Dy = 0,32, y =0,73 
Sample N 4: Dy = 0,34 ‘ Sample ny 17: Dy =0,44, y= 0,35 


Sample % G: Dy = 0,16 


S a 
12 —— 

NI 
08 Sele wires, |ohe! 
Q SBeg— onl gt re" NIS 
04 PB8sppenn ——+—— Wi + 
O oa 9 SS 9. ey 

WIG N27 


"0 Qh ) 
PEEL A MES? 12 G6 O20 = 24a 4g te i ke 


Fig.9 Fig.10 


Fige9. Optical density of blackenin 
g as a function of the soli 
of the receiver. Printon K film, developer No.l BS aad SEES 


Sample M 29: Dy =1,73, y= 2,0 Sample M 34: Dy =1,07, ¥ = 1,00 
pay NM 30: Dy = 0,48, y = 2,0 Sample N: 35: Dy = 0,51, y = 1,00 
ample N 31: Dy = 0,28, y = 2,0 Sample M 36: Dy = 0,34, y = 1,00 


Fig.10. A comparison of the solid viewing angle dependence obtained ex- 
perimentally with the empirical formula. Curves = data from Eq-(10); 


points = values calculated from scattering indicatrix measurements. 


Sample N 2:4 =0,24, b=0,18 
Sample N 3: a = 0,165, b= 0,17 


These curves show that the effective optical density depends 

significantly on the solid viewing angle, with the largest change 
occurring at relatively small angles (up to about 1.0 steradians). 
The higher the diffuse optical density, the greater the rate of 
change of the effective optical density. Further, for a given D, 
the variation is more rapid for higher gamma values. 

The curves also show that for each blackening there is a cer- 
tain limiting value of ©: above which the optical density remains 
' practically constant and equal to the integral value. Obviously 

this limiting solid angle takes in almost all of the light trans- 

mitted by the blackening. It follows, therefore, that in order 

to measure the integral optical density it is sufficient for the 

densitometer "receiver" to have a solid angle equal to this limit- 
ing angle. 

According to our data, the limiting solid angle will be equal 
to about 3.6 steradians, corresponding to an aperture angle of a- 

bout 130°. This important practical conclusion agrees with Korn- 
dorf's recent data. 

The solid-angle dependence of the optical density of blacken- 
ing can in many cases be represented by the empirical formula 


+ Ds, (10) 


a 
De = 503 
where a and Jb are constants depending on the blackening, and ow, 


is the solid angle of the "receiver". 
. In Fig.10 we compare the values given by Eq.(10) with the re- 
sults of calculations based on measurements of the scattering in- 


dicatrix. 
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Conclusions 


We constructed a visual goniophotometer for measur ing the 
scattering indicatrix of blackening samples and used peageyeees 
ment to determine the distribution of light scattered by ack- 
and-white photographic emulsions on a transparent base. 

2. The scattering indicatrices obtained indicate the follow- 
ing facts about the scattering power of such "blackenings ° 
a) Different photographic emulsions have similar general features, 
although blackenings of the same optical density but with differ- 
ent degrees of graininess have measurably different scattering in- 
dicatrices. b) When the emulsions are developed to a given gamma, 
the scattering increases with the optical density. c) For equal 
optical densities, the scattering is greater for higher values of 
gamma. oe 
3. We calculated integral optical densities of blackening from 
the scattering indicatrices and compared the calculated values 
with the results of direct measurements. We also established the 
dependence of the optical density on the solid viewing angle of 
the "receiver". From this we obtain information on the allowable 
minimum solid angle of a receiver for practical measurement of in- 
tegral optical densities. 


1 e 
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NUMERICAL EVALUATION OF LIGHT SCATTERING IN PHOTOGRAPHIC 
BLACKENINGS ON A TRANSPARENT BASE 


- Iu.N.Gorokhovskii & I.M.Davydkin 


That the scattering power of photographic blackening affects 
the value of the optical density measured under different condi- 
tions of illumination and observation was noted when optical me- 
thods were first being introduced for degree-of-blackening mea- 
Surements. At the time this question gave rise to lively discus- 
Sion between Hurter and Driffield on the one hand, and Abney on 
the other. In modern terms one may say that Hurter and Driffield 
measured a quantity close to what we now call the regular density, 
whereas Abney measured the diffuse density. 

Hurter and Driffield suggested that blackening be character- 
ized by two values of the optical density, one for measurements 
in contact with opal glass (the density of a negative in contact 
printing), and the other for measurements under the conditions of 
projection printing. 

Maksimovich?2>3 investigated light scattering in the process 
of measuring optical densities of emulsions and showed that the 
experimental value was influenced by the particular conditions of 
measurement. On the basis of his results he suggested certain 
improvements in the design of the familiar Martens polarization 
densitometer. 

Later Callier* undertook an investigation of the reasons for 
inconsistencies in measured optical densities. Considering these 
differences to be caused by the scattering properties of develop- 
ed photographic film, he demonstrated that there is a difference 
between D, and D,,for the same blackening and introduced this no- 
tation in the sense in which we use it today. 

Callier assumed that one could write 


D, =@QD,. (1) 


On the basis of measurements performed on a specially adapted 
Martens photometer, Callier concluded that the mean value of Q 
for a given emulsion remains approximately constant. 

This quantity Q, now called the Callier coefficient and firm- 
ly established in photographic theory and practice,* is accepted 
as the parameter characterizing the scattering power of developed - 
photographic emulsion. z 


*In distinction to Callier's own definition, certain investi- 
gators have taken the Callier coefficient as the ratio between 
the regular and integral optical densities. In our opinion, this 
latter definition is more meaningful physically. Further, this 
hardly changes the numerical value of the Callier coefficient, 


since it is firmly established (see, in particular, Korndorf® and 


Ti Gea 


Section 3 of our preceding article?) that the diffuse and integral 
densities D, and Ds are equal to within 0.05. 
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work it was found that the Callier coefficient de- 
eatas aiedede other factors in addition to the physical proper- 
ties of the emulsion. For this reason it can be used only as a 
rough indicator of the scattering properties of an emulsion. 

In order to obtain a more descriptive characteristic of scat- 
tering, several investigators8,9 suggested other parameters which, 
if only because of their complexity, could not possibly compete 
with the Callier coefficient. 

In the present paper we use the results of our investigation 
of the physical nature of light scattering in developed photogra- 
phic emulsions (outlined in the preceding article) to clarify to 
what extent the Callier coefficient actually characterizes the 
light-scattering properties of blackenings. Further, we attempt 
to introduce a new parameter which we think has important advan- 
tages over the Callier coefficient. 


1. Determination of the Fraction of Light 


Scattered by the Blackened Grains in an Emulsion 


By measuring the scattering indicatrix of developed film? we 
have found the values of the regular optical densities of black- 
enings in Aerorapid and Printon K films, which, in addition to 
differing greatly as regards graininess (the degree of dispersion 
of the silver halide grains), were developed to different gammas. 
From these regular optical densities we were able to calculate 
the Callier coefficient for each of the samples. 

The dependence of the Callier coefficient on the diffuse op- 
tical density under different conditions of development is shown 
in Figs.l and 2. We see that as the diffuse optical density de- 
creases, Q increases to a maximum (occurring at D, = 0.25-0.35 in 
the case of Aerorapid film). We also note that Q increases rapid- 
ly with gamma. In the case of sthe fine grain Printon K film (i.e, 
an emulsion in which the solid phase is highly dispersed) the de- 
pendence of Q on D, and gamma is much weaker. 


pas 
400 | 
~h~ gr 
O55 


Fig.l. Variation of the Callier coeffi- coefficient Q with the diffuse 

cient Q with the diffuse optical densi- optical density at different va- 
ty at different values of gamma: Aero- lues of gamma; Printon K; a) de- 
rapid film, developer No.l. veloper No.l, b) Siza developer. 


"Q2 Wh) 10 44 18 2D. 


Fig.2. Variation of the Callier 
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Because of the way the Callier coefficient depends on the dif- 
fuse optical density and the gamma, it is difficult to usein judg- 
ing of the scattering properties of the photographic blackening or 
for determining the spatial distribution of the transmitted light. 


The reason for this lies in the nature of the Callier coefficient 
itself. Indeed, if 


RAs eee 
Q Daa De 
then 
F F 
Bik, Wace, 
ia nye? Fo (2) 


where F, is the incident parallel-beam flux and Ff; and F, are the 
values of light flux transmitted without change of direction and 
of the scattered light flux, respectively.* 

We see that Q depends not only on the ratio of F, to F,, 
which alone characterizes the degree ot light scattering, but al- 
so on the ratio between the sum of these and /,, that is, on the 
degree to which light is absorbed by the blackened emulsion layer. 

Orme may, however, suggest another light scattering parameter 


which is free of these shortcomings. Indeed, the difference be- 
tween the regular and diffuse (or integral) densities 
— - —_ Fo F _— |e eae 


does not contain F, and therefore is independent of the absorption. 
We suggest calling the scattering factor q a quantity deriving 
from the above density difference and defined as 


F F 

Eager ee EEA 1) (4) 

Thus the principal difference between the Callier coefficient 
Q and our coefficient q is that whereas our coefficient depends 
only on the light that has passed through the blackening, the 
Callier coefficient is also dependent on the incident flux, i.e., 
on the absorption of the investigated layer. 

Table 1 illustrates the dif- 


Table 1 ference between the Callier co- 

Comparison of Q with q for var- efficient and q. It can be seen 
ious blackenings that blackenings with very dif- 

ferent Callier coefficients can 

Pz | Dj | @ | q scatter almost identically,while 


those which have almost the same 
Callier coefficient may have very 


a 10 2'0 0°68 different scattering properties. 
ee 2.0 ete In the case of a nonscatter- 

ze oe ys 0/90 ing medium ( F, = 0), we have q = 
3,0 3,0 0,99 = 0, while for an ideal fully 

a Be are fea scattering medium (fF, = 0), we 
6,0 3,0 1,00 


obtain q = 1. 


*F,+ Fi = F the total light flux leaving the sample. 


/ 
a Q4% 98 42 46 22D, 


Fige3. Variation of q with the dif- 
fuse optical density: Aerorapid 
film; developer No.1. 


Q2 06 40 44 18 Dy 
Fig.4. Variation of q with the dif- 
fuse optical density: Aerorapid 
film; Siza developer. 


0 a4 QB 42 16 Dy 
Fig.5. Variation of q with the dif- 
fuse optical density; Printon K, 

a) developer No.1, b) Siza developer. 
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By analogy with q, which char- 
acterizes the ratio between the in- 
tegral and regular optical densities 
we may define another coefficient 4, 
to characterize the ratio between 
any effective optical densities. 

Thus, for example, having deter- 
mined the effective optical density 


Do =le%, 


with the "receiver'' viewing the so- 
lid angle w2:, we obtain 


ant 


F 
— — ] D — Dg — ——E: 9 
Jo = 1 — antilg (Dz ) Fs 


(5) 


where F. is the flux transmitted 
through the emulsion and emerging 
within the solid angle az. 

Let us investigate the factors 
on which q depends and find the de- 
pendence of q on these factors. 

Figs.3,4 & 5 show the depend- 
ence of the scattering factor q on 
the diffuse optical density and the 
gamma of the blackening (emulsion). 
We can draw the following conclu- 
sions from analysis of these figures 

As the diffuse optical density 
of emulsions, developed to the same 
gamma, increases, the relative light 
flux in the normal direction decrea- 
ses. At first, for low densities, the 
fraction of ‘this normal (directly 
transmitted light) decreases very 
rapidly and then, as the density in- 
creases, this change becomes more 
gradual. 

In different emulsions and for 
different methods of development, the 
general character of the variation 
of the scattering factor q is about 
the same, except that in Aerorapid 
film, which is coarse grained,these 
variations are much more pronounced 
than in Printon K, which is charac- 
terized by fine grain. ) 

As the gamma increases with the. 
diffuse optical density remaining 
constant, q increases. In this case 
also, the variations of q are less | 
pronounced in the finer grain emul-. 
sion. 


The relationship between the Scattering factor q and the Callier 


coefficient Q is 


Ig (1—9) = (1—Q) Dn = 32 Dy, (6) 
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2. Separation of the Transmitted Light into Components 


The indicatrices of light scattering by a photographic emulsion 
are curves characterizing the spatial distribution of the scattered 
hight. The flux plotted in the direction normal to the plane of 
the emulsion is generally given as the total flux, although actual- 
ly it consists of two components: the light scattered directly for- 
ward and the unscattered, directly transmitted light. 

In some investigations®»,10-12 devoted to light scattering by 
photographic blackening, some account has been taken of the pre- 
sence of scattered light in the forward beam. It seems to us, how- 
ever, that less importance has been assigned to this fact than it 
merits. 

If one separates the forward propagating beam into its compo- 
nents, one can obtain the actual angular distribution of the light 
scattered by the blackening and thus determine the true regular 
blackening density. 

Thus, denoting by /; the flux of the purely transmitted beam, 
which does not include scattered light, we obtain 


F 
Dh oes ice? (7) 


where D‘, is the optical density of blackening if one considers on- 
ly the unscattered transmitted light. 

Hence DS is the true regular optical density associated only 
with actual absorption and reflection of light by the blackening, 
as opposed to the usual value D; obtained by means of instruments 
which do not separate out the forward scattered light. 

Obviously, D>D,. 

Let us denote by1i—%the normal emergent light that is not scat- 
tered, (i.e., the direct transmitted component), then 


F° Eee 
4 Se Se I (8) 
ee Fy Le 
and 
F°® 
10 Foy (9) 


We then find that qo is analogous to our previously introduced 
scattering factor q; in fact it is a more accurate scattering fac- 
tor inasmuch as it accounts for all the scattered light including 
that scattered directly forward. The relative magnitude of the 

scattering factors is given by 1>9>q>0. 
The new scattering factor qo is related to D{ by 


Qo=1—antilg(De—Do). (10) 


The experimental separation of the direct beam into its compo- 
nents was performed using a technique suggested by Gurevich and 
Chakhrovi!3. Thus we were able to determine F, and F,, and these 
values were then used to find qo and De i 
The dependence of do on the diffuse optical density and gamma 
for samples of Aerorapid film are shown in Fig.6. 
sy A comparison of Figs.3 and 6 shows that although do and q have 
very different numerical values, they exhibit similar variations, 
except that the increase of qo with the diffuse optical density 
and the gamma is sharper than that of q. 


~L 52 = 


Fig.7 shows the depen sereey a 

130. nd aq on the diffuse optical den- 
Ti aes oe equal degrees of blackening, 
obtained under the same sensitometric 
conditions of film development, i.e., 
for ; = const. We see that their ab- 
solute values are quite different. 

If we assume that in passing 
through developed photographic film 
the light intensity is attenuated 
approximately according to Bouguer's 
law, the value of qo takes on clear- 


‘ ihe ie ta OS er physical meaning. 
Fig.6. Variation of qg with the Indeed, since the total light 
diffuse optical density; Aero- flux Fs; scattered and directly trans- 
rapid, developer No.l. mitted through the blackening is de- 


termined by the absorbing properties 
of the substance,* we have 


Fy = F,e-?!, (11) 


where F, is the incident light flux, 
B isthe coefficient of absorption, 
and 1 is the thickness of the layer. 
The unscattered flux F), of the 
direct beam depends both on the ab- 
sorbing and on the scattering proper- 
ties of the substance, which means 


that 
Fi = f,eqha (12) 
a Q4 8 42 16 Dy 
Fig.7. Comparison of q, and q for where coc is the scattering coefficient. 
samples of Aerorapid film with 7 < It follows from this that 
= 1.5 and y = 0.73. 
AI —= Ja => got (13) 


Therefore 1 - qo gives the weakening of the light beam due to scat- 
tering, on the assumption that this attenuation is characterized by 
Bouguer's law. The difference AD=D'°,—Dzs between the optical den- 
Sities turns out in this case to depend only on the scattering pro- 
perties of the film and to be proportional to o. 

It follows from the above that the laws which describe the prvu- 
perties of blackenings should be based on studies of either qlor 
the aifference between the optical densities, since these are quan- 


tities which truly characterize the scattering properties of the 
substance. 


3. Numerical Characterization of the Scattering 
Indicatrix 
_The factor do, although it determines the fraction of scatter- : 
ed light in the beam passing through the blackening, does not char- 
acterize the distribution of the scattered light and hence gives 


*We are neglecting scattering and reflection to the rear. 
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no indication on how one should compare the scattering proper- 
ties of different blackenings. 

We should like to suggest the possibility of characterizing 
the scattering power of blackenings by comparing their scattering 
indicatrix with that of an ideal diffuser transmitting the same am- 
ount of radiant energy. This may be done by constructing equal- 
area graphs of these scattering indicatrices (Fig.8) and finding 
the angle a with respect to the incident beam at which the bright- 
ness of the sample is equal to that of 
the ideal diffuser (on the graph this is 


the angle between the polar axis and the 
radius vector to the point of intersec- 
tion of the curves). 
Patan re tic ne. It is then clear that for all angles 


; >a,the brightness of the sample is low- 
scattering half-angle a, e than that of the diffuser, while for 
?<a,it is greater. 

Let us call 2a the scattering angle. This angle, which defines 
the zone containing most of the light scattered by the blackening 
(always more than is scattered by the diffuser within the same zone) 
can be used to characterize the scattering power of a blackening. 

We have used our earlier scattering-indicatrix investigations 
to determine the scattering angles 2a for the blackenings studied. 

Also, to get an idea of the amount of light scattered into the 
solid angle defined by 2a, we have calculated 1 - qq = F,/Fs for 

the same samples. 
The values of the scattering half-angles a and of 1 - qq for 
the various samples are listed in Table 2. 
Table 2 

Scattering half-angle a and fraction 1 - qq of the transmitted 

light flux in the cone defined by the scattering angle 2a, 


g | g | 
° a : ‘2 
E Y Dy “ ita Y Ds a Va 
ieee! ; 
———————————— —————— —__aaesnaeasannn | Vmmnner iene 
Aerorapid, developer No.1 | Printon K, developer No.1 
| 
1 1,5 1,755 38,5 0,725 1 2910 2,0 4,729 33 0,63 
2 1,5 1,519 36 0,764,230) — 2,05 0,454 18 0,72 
3 455 1,018 33 0,76 | 34} 2,0 0,258 14,5 0,76 
41 8¢5 0,320 28 0,78 | 32) 4,35 0,939 23,9 0,69 
5 125 0,148 14 0,87 || 33) 1,39 0,365 45 0,74 
43] 0,73 1-147 29 0,74 | 34| 1,00 4,039 23 0,66 
14 0,73 0,754 27 0,74 | 35| 1,00 0,490 17 0,78 
15 | 0,73 0,282 | 23 0,78 || 36 1,00 0,306 14 0,79 


The following conclusions on the nature of light scattering by 
photographic blackenings may be drawn on the basis of the experimen- 
tal data. . ; 

1. The major part of the scattered light lies in a region of 
relatively low scattering angles. This part comprises 70 to 80% 
of the total light passing through the blackenings and sip LIS Ss 
trated in the range of scattering angles 2a from 20 to 80”. It 
follows from this that a photographic blackening always scatters 

about the same fraction of light; the difference between different 
Z blackenings lies mostly in the different angular distribution of 
the scattered light. 
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2. As the integral optical density increases, the scattering 
angle increases. 
3. Blackenings of equal 
scattering angles when the emulsion is develo 
4. As the dispersion is decreased, 1.-e., 
grain emulsions, the scattering angle decreases. 


integral optical densities have larger 
ped to a higher gamma. 
in going to finer 


Conclusions 


1. An analysis of the Maksimovich-Callier phenomenon has been 
performed on the basis of measurements of scattering indicatrices 
of photographic blackenings, and it has been established that the 
Callier coefficient cannot serve as a rigorous characteristic of 
the scattering power of blackenings and cannot be used as a guide 
in judging of the distribution of total transmitted light. 

2. We suggest a new parameter q, which we call the scattering 
factor, to characterize the scattering properties of blackenings. 
This factor gives the fraction of scattered light in the total 
flux transmitted by the blackening, or the difference between the 
regular and integral (or diffuse) optical densities, quantities 
which depend only on the scattering properties of the blackening. 

3. The value of the regular optical density as usually deter- 
mined should be corrected to allow for the scattered light in the 
forward beam. One should, accordingly, differentiate between the 
true and the apparent regular density. 

4. We introduce the concept of the scattering angle for the 
purpose of evaluation of the relative scattering properties and 
indicatrices of photographic blackenings. 


Department of General Photography and Film Processing, 
Leningrad Institute of Motion Picture Engineers 
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SCATTERING OF LIGHT BY PHOTOGRAPHIC EMULSION LAYERS 


- P.Kh.Pruss 
Introduction 


g A light-sensitive photographic emulsion is essentially a thin 

She hea Seer nine e Silver hali@ microcrystals dispersed through- 
‘ y virtue of this, an i 

Reece teri rig niedl un’ ’ emulsion is a layer of turbid, 

Exposed photographic emulsion scatters light incident on it 
and this phenomenon is responsible for many of the properties ‘ 
characteristic of photographic materials. Among these properties 
are the limitation as regards detail reproducible in a photograph 
and the decrease in optical density of small image elements with 
decreasing linear dimensions .1~-4 Thus, there is a limit to the 
resolution in photographic reproduction of a linear grid or a pair 
of closely spaced optical slits (the resolving power of a photo- 
graphic emulsion). 

We investigated light scattering in photographic emulsion la- 
yers primarily with a view to clarifying the nature of the resolv- 
ing power of photographic materials. 

The present article presents a summary of our data. Some of 
the earlier results have already been published® »6 and will there- 
fore be only mentioned briefly here. Other data, partaining to a 
method for finding the mean dimensions of crystals in an emulsion 
and to study of the flux distribution in emulsion layers are pub- 
lished for the first time and will therefore be presented in some- 
what more detail. 


1. Parameters Characterizing Scattering 
and Some Comparisons with Theory 


We characterize the light scattering in an emulsion layer by 
the quantity AD = Dg - Dp, where Dp is the measured optical densi- 
ty when the sensing photoelectric cell gaging the flux transmitted 
by the layer is in direct contact with the film (i.e., near the 
film) and Dg is the optical density when the photocell is at a 
large distance (far) from the film. This quantity (AD) is direct- 
ly related to the parameter generally used to characterize the 
scattering, i.e., the scattering coefficient. 

This can be shown by analyzing the dependence of AD on C, the 
concentration by weight of the silver halide in the layer. As may 
be seen from Fig.l, there is a range of concentrations in which 
this dependence is linear. This means that for these concentra- 


tions the light intensity is attenuated according to the I = Ige7ke 


law. If we write k = kg + kg + kg (where ka is the absorption co- 


efficient, kg accounts for forward scattering and kg accounts for 
backward scattering), then AD = kgC, and the values of AD for dif- 
ferent layers with the same silver halide concentration will be 
proportional to the forward scattering coefficients kg for these 
layers. Shifrin’ has presented data on the way the ratio of the 
forward to the backward scattered fluxes depends on the quantity 
o=e2nr/A where r is the radius of the particles and h is the wave- 
length. With this data one can use the values of AD measured for 


¢: a constant silver halide concentration to calculate the total scat- 


rs A 


J Z sae y, i 2 3B 
Figel. AD as a function of the sil- Fig.2. Variation of AD (1) and the scat- 
ver halide concentration. tering coefficient kg (2) as functions 


of the mean AgBr crystal size. 


tering coefficient kg = kg + k§¥ . Shifrin's data is calculated 
for a system consisting of "water droplets in air'', whose relative 
index of refraction m = 1.33 is different than that for our system 
of "silver bromide crystals in gelatin". Shifrin states, however, 
that the dependence on p is much stronger than on m. 

Having calculated the total scattering coefficients on the ba- 
sis of our experimental values for AD we could then compare them 
with the theoretical data. 

We investigated the way AD (with a constant silver halide con- 
centration) and kg depend on the mean dimensions X of the crys- 
tals* for ammonium type emulsions whose silver halide crystals are 
approximately spherical .8 

Figure 2 shows the curves obtained. These are in agreement 
with the theory,9 which requires that as the crystal dimensions in- 
crease the scattering should increase for fine-grain and decrease 
for coarse-grain emulsions. 

In addition, the relative scattering coefficients of the films 
were used to calculate the relative scattering coefficients for 
individual silver halide crystals, and curves were constructed 
giving the dependence of K ono, where K = ks/zr2 is the so-called 
dimensionless scattering coefficient. This curve is shown in Fig. 
3, and it strongly resembles the curve obtained by Stratton and 
Haughton for water droplets in air. The positions of the extre- 
ma (the first principal maximum and the first minimum) are in good 
agreement with the theoretical calcula- 
tions for systems in which the relative K 
index of refraction m = 1.55 (this is the 
value for a system of "silver bromide crys- 
tals in gelatin"). 

Thus when AD is used to characterize 


the scattering, the experimental data is 
in good agreement with the theory. 


20 


(0 


*The parameter usually chosen to 
characterize the dimensions of the crys- 
tals is-the area of their projection on- 0 5 10 
to the film base. This is because this 
area determines the amount of light ab- 
sorbed by a crystal and therefore its 
sensitivity to light. 


p 


Fig.3. Variation of the scat- 
tering coefficient of AgBr 
crystals as a function of 0. 
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2.Wavelength Dependence of Light Scattering by an Emulsion Layer 


The wavelength dependence of the light-scattering properties 
of a number of different photographic emulsions was measured on 
an SF=11 spectrophotometer. Contrary to the assertions of Kilin- 
skii and others that primarily high-frequency light is scatter- 
ed, we found that the range of frequencies scattered varies great- 
ly and depends significantly on the degree to which the silver 
halide is dispersed in the emulsion. Fig.4 shows the wavelength 
dependence of scattering for a number of films with different de- 
grees of dispersion. It is seen that primarily short wavelengths 
are scattered only in highly dispersed media, and that as the di- 
mensions of the silver halide crystals increase, the scattering 
maximum moves towards the long-wavelength end of the spectrum. 
mneniee =0.5 2, mainly red light is scattered, and as the crys- 
tals become still larger the scattering tends to become wavelength 
independent over the entire visible region of the spectrum. 

4D On the basis of these measurements 
Breido and the writer® were able to 
explain the wavelength-dependence of 
the resolving power of photographic 
materials and the effect of optical 
sensitization of photographic film on 
its resolving power. 


3.Determination of the Degree of 
Dispersion of Silver Halide in Pho- 
tographic Emulsions from Measure- 

ments of Light Scattering 


The mean size of silver halide 
crystals in photographic emulsions is 
usually determined by a very labori- 
ous procedure which involves micropho- 
tography of single-layer emulsions, 

300 «400 = $00 500 700 = 800h enlarging the photographs obtained, 
Fig.4. Wavelength dependence of measuring the very enlarged photogra- 
light scattered by emulsion layers phic images of the crystals and, fin- 
with different sizes of AgBr crys-ally, statistical analysis of the ex- 


tals. The curves correspond to perimental data. 
equal to 1) 0.09, 2) 0.18, 3) 0.38 Because this method is so onerous, 
4) 0.53, 5) 0.58, 6) 1-50 p*. its use is highly limited. Now both 


the wavelength dependence of the scattering and the scattering of 
light of any given wavelength have been shown above to vary regu- 
larly with the crystal dimensions. Hence it is natural to ask 
whether one cannot find the mean crystal dimensions simply by mea- 
suring scattering. It is evident from Fig.2 that for a constant 
silver halide concentration AD depends strongly on the size of the 
crystals up to *#1.5 u2, so that it can be used to find the de- 
gree of dispersion of an emulsion in which the average size of the 
crystals is no greater than Isso 2. Because there is a maximum 1n 
the AD vs X curve, however, determination of the crystal size from 
a measured value of AD alone may be ambiguous. This ambiguity can 
be eliminated by making use of the way the color of the scattered 
light varies with the crystal size. Thus when observed through a 
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which scatters primarily in the short wave- 
lengths, the filament of an incandescent bulb appears red. As the 
average crystal size increases, the observed color changes to er 
ange, purple, blue, and finally white (colorless) . When viewe ; y 
transmitted light emulsions with an average grain size x<0.3 LL 
appear red ororange. With 20.3 w2 the transmitted color is 
purple, blue or whitish. Hence if one uses a ene filter for ; 
which AD as a function of X% has a maximum at 0.3 up » one can eli- 
minate the ambiguity in the measurement of x, since in this case 
all films transmitting red, orange, or yellow light will corres- 
pond to the left-hand side of the curve (to the left of the peak), 
while those transmitting purple, blue, or colorless light corres- 
pond to the right-hand side. A green light filter meets the above 
requirement, as does the curve obtained with white light under our 
conditions (using a selenium photocell). In general, it is expedi- 
ent to have three (or at least two) curves of AD as a function of 
X for each given silver halide concentration in the blue, green, 
and red regions of the spectrum; then in doubtful cases, xX can be 
determined from three (or two) measurements of AD, all of which, 
theoretically, should give the same value of x. 

This method of finding the degree of dispersion of the silver 
halide in an emulsion has been found very useful under industrial 
conditions since it provides a rapid means of grain-size control 
in the course of film production. In addition, it should be use- 
ful in research. 


highly dispersed film, 


4. Angular Distribution of the Light in a Photographic Emulsion 


Procedure 

In order to understand the nature of the resolving power of 
photographic films, it is necessary to know how the light incident 
on an emulsion is distributed within it. Measuring the light 
transmitted or reflected by a film of emulsion does not tell much 
about the intensity distribution within the film. The indicatrix 
oe the transmitted light is usually close to that of an ideal dif- 

user. 

Many authors have proposed theoretical treatments of the pro- 
blem of light passing through a light-scattering layer. There is, 
however, little experimental work on this subject. One may men- 
tion the work of Ginzburg, Pul'ver, and Fabrikant13, who investi- 
gated the way the light scattered through an angle of 90° varies 
with the depth of penetration in opal glass illuminated by a paral- 
lel beam. These investigators observed that the scattered light 
intensity attains a maximum value at a certain depth, and falls 
off at greater and lesser depths. Timofeeval4 performed a thorough 
PE eet of the light distribution in strongly scattering 

Unfortunately, the intensity distribution in a layer having a 
Genre of the order of 20 4 cannot be measured by the ne HOaE 
a eee et al or by immersing the photometer in the medium as 
moteeva in her liquid media. We did the only thing possible 
which is to measure the brightness of light transmitted by envi 
TAMMIE Sees sae ee thickness. From this one can judge 
varies i i i 
Cee HeSMN aS aene sentence havens ene directions as the light pene- 
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5 The layer thickness was varied by varying the amount of emul- 
Sion applied. Thus, when 0.5, 1.0, 2.0, 3.0, 4.0, and 8.0 milli- 
liters of emulsion were coated on standard 3 x 12 cm glass plates, 
the air-dried layers obviously had thicknesses varying in the pro- 
portions 1/16, 1/8, 1/4, 3/8, 1/2 and 1. The absolute thickness 
of the layers depends on the gelatin concentration in the emulsion. 
For a 6% concentration of gelatin, the thickness of the air-dried 
film obtained by spreading 1 cm3 of émulsion over a 3 x 12 cm 
plate is of the order of 20 iL. 

A visual photometer was used to measure the relative bright- 
ness of the layers in transmitted light as viewed from different 
angles. The incident light was almost parallel, and the angles 
of measurement were 0, 10, 20, 30, 40, and 50° to the incident 
beam. The limitations of our apparatus precluded making measure- 
ments at angles greater than 50°. 


Results 
Figure 5 is a polar plot of the logarithm of the brightness B 
for emulsion layers of different thickness. 

For better accuracy, the visual 
photometric measurements were made 
with a green light filter. It will 
be seen from the figure that as 
the thickness of the emulsion in- 
creases, the scattering indicatrix 
of the transmitted beam becomes 
less and less peaked, and that at 
a certain thickness (actually the 
one corresponding to 8 ml of emul- 
sion) the brightness becomes almost 
the same in all directions. 

Curves characterizing the varia- 
tion in brightness as a function of 
thickness for several directions of 
the measurement are plotted in Fig. 
6. These curves, therefore, furnish 
an indication of the variation in 
intensity with depth of penetration 
into the layer. The ordinates are 
values of the brightness B per se 
(not log B). Since the brightness 
is particularly high at 0°, we were 
not able to include this curve in 
the figure. It is seen that in the 
directions at 30, 40, and 50° to 
the incident beam the brightness 
goes through a maximum. At 10 and 
20°, the maximum values apparently 
obtain at the very surface of the 
layer. 

Figure 7 shows the distribution 
in brightness with depth for the 
same emulsion but with different 
silver halide concentrations. The 
crystal concentrations were varied 


Fig.5. Scattering indicatrices 
for emulsion layers of different 
thickness (polar radii = log B). 
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Fig.6. Brightness B as a function of emulsion layer thickness for different 
angles of observation. 

Fig.7. Curves similar to those in Fig.6 for emulsion layers with different 
silver halide concentrations. 


by diluting the standard emulsion with a gelatin solution of the 
same strength as that used in preparing the standard emulsion. It 
will be evident that for all silver halide crystal concentrations 
the general regularities remain the same, but that the depth at 
which the maximum brightness value is attained increases with de- 
creasing silver halide grain concentration. The brightness levels 
per se at first increase rapidly and then begin to decrease with 
further dilution. Thus, while in the undiluted emulsion the bright 
ness values of the scattered light are comparatively low and the 
maxima are attained near the surface of the layer, as the emulsion 
is increasingly diluted the scattered light intensities become 
greater and the maxima occur deeper in the layer. 

The representation of the intensity distribution in depth 
based on our measurements is only qualitative and only approximates 
the picture that would be obtained if one could plunge a microsco- 
pic photoelectric cell to different depths in an emulsion. We do, 
however, obtain good agreement with Timofeeva's results. We also 
find qualitative agreement with the simple theoretical formulas de- 
duced by Boldyrev & Aleksandrov.l!5 The layer depth at which the 
maximum brightness in some given direction is attained was ex- 
pressed in units of 1/k, where k is the light attenuation factor in. 
the layer, and this was compared with the theoretical value. The 


= 


=e ls = 


experimental depth values for the brightness maxima were found to 
be larger than the theoretical ones. This may be because Boldyrev 
& Aleksandrov deduced their theoretical formulas for a weakly scat- 
tering medium in which the absorption is much greater than the 
Scattering ; our emulsions are strongly scattering, while the ab- 
sorption in them in the investigated spectral region is weak. 

Further experiments, which will be described ina separate 
communication, showed that the way the resolving power depends on 
the film thickness and the concentration of silver halide is con- 
Sistent with the deduced pattern for the flux intensity distribu- 
tion in emulsion layers. 


Conclusions 


In the present report we have summarized the results of our 
studies of light scattering in photographic emulsion layers. 

1. We compare the experimental results with the deductions of 
theory. 

2. We established the correlation between the scattering of 
light of a given wavelength and the concentration of silver halide 
in the emulsion and found the character of the concentration de- 
pendence of the scattered spectral range. 

3. On the basis of our results, we developed a procedure for 
determining the mean dimensions of crystals in photographic emul- 
sions from the light scattered by such emulsions. 

4. We investigated the flux intensity distribution in emul- 
sion layers. 
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REFLECTIVITY 
OCEDURE FOR INVESTIGATING THE 
as OF COLOR-PRINT PHOTOGRAPHIC PAPER 


- V.M.Bakhvalov 


Photographie paper used for meticfures, The backiag 1s a high 
color process has the fo owing : meh 
quality paper with baryta por Ane eee eivee arenes eee 
surface and acts as ‘ pen teh y Pk On top of the baryta coating 
ontgol ast °Cleeaerne ai" taining different substances 
are three layers of emulsion, containing ee qe 
which in the process of color development form transparen R eS 
Similar to those used at present in color motion picture : otogra- 
phy. Thus the final color print consists of trans ate a 
a gelatinous medium in optical contact with a diffuse re lec - 
Different amounts and proportions of the dyes on the backing re- 
sult in the reflection of different wavelengths, thus forming the 

image. ‘ . 
ne aber dyes on a-white opaque backing absorb and transmit 
light selectively in the same way.as dyes-on a transparent film 
base; but in this case there are factors which complicate the mea- 
surement of the reflected light. These are reflection at the sur- 
face and multiple internal reflection at the gelatin-air interface. 
According to the data in the literature,! the index of refraction 
of the color-print gelatin is 1.53. When light is incident on the 
surface of the gelatin, part of it is reflected, but most of it is 
refracted and reaches the backing. Since the backing reflects 
light diffusely in a complete hemisphere, the reflected light 
reaches the gelatin-air interface at all angles from 0 to 90° rela 
tive to the surface. The fraction of the light striking the gela- 
tin-air surface at angles greater than the critical is totally re- 
flected and returns to the backing. When there is no dye in the 
gelatin, multiple internal reflection takes place and as a result 
the brightness of the baryta backing is almost the same as if 
there were no gelatin film covering it. 

In order to characterize the processes of modern color photo- 
graphy quantitatively, it is important to have an accurate deter- 
mination of the absorption curve of color photographic paper and 
to find the superficial densities of the dyes (even if only in re- 
lative units) which give rise to absorption curves. 

The experimental data given below show the effect of surface 


reflection on the absorption curve obtained by reflected light 
measurements. 


Operational Comparison of Spectrophotometers 


We tested several existing spectrophotometers for the purpose 
of determining their applicability in measuring the absorption 
curves of color-print photographic paper. The tests were made on 
paper Samples containing different amounts of one of the dyes and 
consisted of finding the extent to which the data obtained with a 
given spectrophotometer agreed with Baer's law, which is fundamen- 
tal to quantitative spectrophotometry. Since the actual concentra- 
tion of the dye in a gelatin film cannot be determined, the extent 
to which the dyes conform to Baer's law can be judged from the 
variation in the shape of the absorption curve (as observed with 


_incidence is about 6° 
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different instruments) when the amount of each of the dyes is 
varied. 

According to the data in the literature, the given dyes on 
a transparent base (motion picture film) obey Baer's law in the 
range of concentrations in practical use. 

Because of surface reflection and multiple internal reflection 
(which are not the same for diverse intensities of the dyes) there 
is reason to suppose (see Ref.3) that when these dyes are viewed 
under reflected light, the absorption curve will change somewhat 
as the dye concentration is varied and that therefore Baer's law 
does not fully hold. 

To verify this assertion, the same samples with different 
amounts of each of the three dyes were measured on suitable 
spectrophotometers with reference to a baryta backing coated 
with a gelatin film containing no dye. The absorption curves 
obtained were used to find the spurious absorption over the spec- 
trum as a function of the absorption at the maximum. We define 
the "spurious absorption" as the absorption at other wavelengths 
of the visible spectrum. M 

Figure 1 shows 
the attachments used 
with the SF-2, SF-4, 
and Beckman spectro- 
photometers, on which 
the absorption curves 
were measured. It will 
be seen that in the 
SF-4 and Beckman spec- 
trophotometers the in- 
cidence of light beam 
is normal to the sam- 
ple surface, while in 
the SF-2, the angle of 


from the normal. 

Figs.2 & 3 show the 
variations of spurious 
absorption over the 
spectrum as a function 
of the absorption at 


Fig.l. Spectrophotometer attachments for making 

measurements in reflected light; a) for the SF-2, 
; - dd) for the Beckman. $- 
imum for purple © & ce) for the SF-4 an 

has ea att ned ae photocell, S - sample, R - reference standard, 


Beans ct the SF-2.and  “~— ™rror- 
the SF-4 with a spherical mirror. It will be seen that the SF-2 
yields curved lines, while the SF-4 gives straight lines up to 
eee = 2.00, which means that the readings on the SF-4 are con- 
sistent with Baer's law. Similar dependences were obtained for 
the other dyes. 
These data indicate that when the SF-2 spectrophotometer 1s 
used for measurements on samples such as a baryta coating covered 
with a gelatin film, some surface reflected light enters the re- 
ceiving part of the jnstrument with the result that there 1s ap- 
- parent deviation from Baer's law. : 
z In order to find the direction of propagation of the surface 
reflected light from the gelatin surface, we measured the reflec- 


500 


500 
440 


400 
650 


5 
680 4 


ra 


0 Os 10 0-520 
Fig.2. Spurious absorption over 0 
the spectrum as a function of the Fig.5. Spurious absorption over the spec- 
absorption at the maximum, as trum as a function of the absorption at 
measured on an SF-2 spectropho- the maximum as measured on an SF-4 spectro- 
tometer. photometer with a spherical mirror. 


tion indicatrix for paper coated with gelatin film containing the 
maximum amount of all three dyes, which together absorbed all the 
visible light. The set-up used for these measurements is diagram- 
ed in Fig.4. A narrow beam of white light from the lamp is inci- 
dent on the virtually black gelatin surface. The measurements 
were performed in a dark room. 


0 Y xd 
OS 40 43 Z Dh ag590 


The surface reflection from this 
sample was measured at various angles 
with respect to the normal using a 
selenium photocell connected to a 
highly sensitive galvanometer (GPZ-2). 
The light intensity was chosen so 
that when the beam was directed at 
the sample through a special aperture 
in the photocell, the scale reading 
was 100. Figure 5 shows the reflec- 


Fig.4. Diagram of the set-up 
for measuring the reflection 
indicatrix. 1) light source, 
2) slit, 3) lens, 4) sample, 
5) photocell on circular 
mounting. 


tion indicatrix for gelatin sur- 
faces and the baryta backing .The 
solid angle of the photocell was 
0.125 sterad. 


60 50 40 30 20 10 0 0 2 30 40 50 60a 


It will be seen from the fi- ‘degrees 
rails that the glossy gelatin sur- 
ace, and, particularly, the Fig.5. Reflection indi 
05. catrix for nor- 
rolled-on gelatin coating are mal incidence of light on the baryta 


characterized by practically mir-  backin 

g (1), a glossy gelatin surface 
ror reflection. Therefore absorp- (2), and a rolled-on gelatin coating 
tion curve measurements should be (3). y = measurement angle relative 
performed on spectrophotometers to the normal. 
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in which the light reflected from the surface does not enter the 
measuring section. 

To evaluate the worth of the different instruments for pur- 
poses of absorption curve measurements, samples with different 
amounts of purple dye were measured with illumination by three 
different wavelengths on all the instruments described above. As 
in all other cases, the measurements were performed with reference 
to a baryta backing coated with a gelatin film containing no dye. 
The accompanying table gives the optical density values obtained 
for the purple samples in reflected light of 440, 530 and 680 m. 
It will be evident that up to Dj = 1.00 the different attachments 
give virtually the same results. At densities above 1.00, the 
values obtained with the different instruments begin to diverge; 
the SF-2 and SF-4 with an ellipsoidal mirror stand out particular- 
ly. Fig.6 is a plot of the spurious absorption as a function of 
the absorption at the 530 mu maximum, based on the tabular data. 
It will be evident that on the basis of the tests with samples 
having a high optical density and virtually mirror reflection at 
the surface, the instruments can be graded in the following de- 
scending order of desirability: 1) Beckman spectrophotometer, 

2) SF-4 with a spherical mirror, 3) SF-4 with an ellipsoidal mir- 
ror, and 4) SF-2 (automatic spectrophotometer). 
ae If we subtract the 
rid surface reflection, 
which is 4.3% for a 
gelatin film, the SF- 
2 readings for high 
densities are brought 
closer to those of the 
SF-4 and the Beckman 
spectrophotometer, 
while for low densi- 
ties the divergences 
increase (see table). 
It will be seen 
from the table that 
the attachment with 


A see pppcnoore Neal, 

4 as 10 Gi 20 25 Dy ,.sm the ellipsoidal mirror 
Fig.6. Spurious absorption of purple dye as a for the SF-4 gives 
function of the absorption at the 530 mi maximun, high-density values 
based on determinations with the different spec- that are considerably 


trophotometers: 1) Beckman, 2) SF-4 with spheri- lower than those ob- 


cal mirror, 3) SF-4 with ellipsoidal mirror, and tained with the spher- 
4) SF-2. ical mirror attachment 


and by means of the 
, Beckman spectrophotometer. The reason is that the baffle over the 
mirror directing the incident beam onto the sample in this attach- 
ment is too small and does not completely shield the photocell 
from the surface reflected light. . 
: This attachment was designed for the purpose of measuring or- 
dinary light scattering samples which commonly have diffuse sur- 
face reflection. 
In the spherical-mirror attachment for the SF-4 the sample hol- 
der arm is located in the path of the beam from the spherical mir- 
ror to the photocell, which results in additional light scattering. 
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This lowers the high-density readings somewhat with resultant de- 
parture from Baer's law. 

Thus the difficulties in the high-density measurements are 
caused by 1) surface reflected light entering the receiving sec- 
tion of the photometer and 2) light scattering in the attachments. 


Conclusions 


1. A baryta backing covered by a gelatin film reflects light 
at its surface. In the case of an even gelatin coating applied 
by rolling onto glass the surface reflection approximates mirror 
reflection. 

2. When determining the absorption (or reflection) curve of 
color-print photographic paper care must be taken that the spec- 
trophotometer attachments used are designed to prevent the sur- 
face reflected light from entering the measuring part of the in- 
strument. 

3. Two basic conditions must be borne in mind in designing 
attachments for spectrophotometers for the purpose of measuring 
the reflection curves of photographic paper: 

a) The angle of incidence of the light on the sample must be 
confined to the range from 0° to 40-50° to the normal since at 
higher angles the surface reflection rises sharply, and 

b) The observation angle should not be less than 15° with 
respect to the direction of mirror reflection. 


Aerial Methods Laboratory, 
Academy of Sciences of the USSR 
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SOME ASPECTS OF THE THEORY OF DISPERSIVE LIGHT FILTERS 
- A.P.Prishivalko 


e various advantages over others, 
d comparatively high transmission. 


The half-width of the transmission band of such th SE So in 
the visible spectrum can be of the order of 30-40 with a ae 
mission coefficient of the order of 90%. By combining severa 
such filters, the half-width of the transmission band can be 
brought down! to 20-15 A. Such filters are, however, highly sen- 
sitive to temperature changes, so that their temperature must be 
maintained stable to within 0.1°. 

The operation of dispersive light filters is based _on an a 
fect discovered by Christiansen“ in 1884. Later Sethy”’, Sogani*, 
and others®-8 have contributed to this field. Nevertheless the 
theory of dispersive light filters has not yet been adequately 
developed. 

In 1949 Raman? published an article in which the transmission 
curve of a light filter was given as 


Dispersive light filters hav 
such as high monochromaticity an 


1 Be (Oo : (1) 
al) 


where (ni—n,) is the difference between the indices of refraction 
of the dispersed substance and the binding medium, pis a factor of 
the order of unity, Ais the mean dimension of the particles, and 

z is the thickness of the light filter. In Raman's treatment the 
light filter is considered to be composed of a large number of 
independent elementary layers and the intensity is assumed to be 

a continuous function of the thickness. 

Raman restricted his considerations to the narrow region of 
the spectrum transmitted by the light filter and disregarded the 
light of other wavelengths scattered through large angles and 
forming a halo. Yet a study of this part of the spectrum is of 
interest not only in that it can help explain the behavior of dis- 
persive light filters, but also because it can be useful in solv- 
ing certain other problems related to reflection and scattering of 
light in absorbing and nonabsorbing scattering media. 

Further, in finding the transmission coefficient, Raman re- 


placed the square of the sine in the exponent by the square of its 


argument. This approximation greatly limits the validity of Eq. 
(1). It is easily shown that this formula is valid only if 


n—m <2. Bn 0,553. (2) 
This means that if A= 0.01 cm and i = 0.6-1074 cm, we must 
have n—m< 0.0033. For larger particles and shorter wavelengths, 

for instance for A= 0.2 cm and k= 0.45:°10-4 cm, we must have n,-— 
~n,<0..00012, which would hold only for a very narrow wavelength 
range. Outside of this wavelength interval the formula becomes 
invalid and cannot be used for determining how much of the light 
is directly transmitted and how much is scattered into the halo. 
Raman's derivation involves integration. As a result his equa- 
tions can be used only for sufficiently thick layers in which zs 
> Awhich means that the number of elementary layers must be large. 
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The present article is a more detailed investigation of the in- 
terference phenomena taking place in light-scattering layers (not 
For tema in a dispersive light filter, but in any scattering me- 

um). 
Following Raman, we subdivide the entire light-scattering layer 
into a series of elementary layers (or films) whose individual 
thickness is given by the mean dimensions of the particles. We as- 
sume further that each of these films acts independently of the 
others and that each film consists of a large number of cells of 


equal size but filled in different ways by the dispersed substance 
and the binding medium. 


NA 


77 = a 


Fig.el. Model of an 
elementary film (top Fig.2 
and side views). 


The intensity of light passing through a film in any direction 
can be calculated by adding the perturbations due to the separate 
cells, taking into account their phase differences. These phase 
differences are due to differences in the cells (which consist of 
a solid and the medium - a liquid or gas) and their different lo- 


cations with respect to the observer. Each cell has some mean 


— 


index of refraction which depends on the proportion of the dis- 
persed substance to the medium within it or what might be termed 
its filling factor. The cells are chosen so that within each one 
we may consider the index of refraction constant (or varying ac- 
cording to some definite law). 

Bearing in mind diffractive phenomena in such a structure and 


neglecting reflection, we arrive at the expression 
N 


I={D(9,%)2 >, cos h| = [(p—l) sing+(q—m) sind]+h (Mpqg—Mmm)}; (3) 
p,q,l,m=1 
where ——— : hee (4) 
: Ae Site Li 4 Ue rena rareiad 4 | are Este a 
eae ee Nie 


here A represents the linear dimensions of the film surface, 9° and 
_ are the angles of diffraction in two mutually perpendicular 


planes, ‘= 2x/x is the wave number, 2 is the thickness of the film, 
n and mm are the mean indices of refraction of a cell denoted 


by the two subscripts (one for the x axis, and the other for the 
y axis), and N is the number of cells along one of the dimensions. 


BPRS 


This expression can be calculated if one knows how the .index 


of refraction varies through the film. 
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transmitted by a light-scattering layer has 

been calculated for some special models of element ee 
ir filling factor 

from each other as regards their 

be are distributed in the film (Fig.2). In the most general 

form the results obtained can be written 


kAsing\2, , kAsiny,?2 
SRT 2 wo Veli / Oe | Freee, ey ne (5) 
Toy -1| kA sin @ )( kA sin Ay ) : 


2 2 
Whenever the index of refraction distribution is phenaer 3 os in 
models l> 25 05 4, and,0 (Fig.2), we find that C (9,0,A, 4) = : or 
model 5 and similar ones, this function does not vanish. It there- 
fore characterizes the degree of disorder in the distribution of 
the index of refraction. The greater the disorder, the greater 
C (,, A, i) » and therefore the greater its inf luence in the inten= 
sity distribution. Unlike this function, basen d us A) depends on the 
filling factor. It can be shown that the intensity of the light 
directly transmitted always depends only on the filling Wactorz 
All of the models with a filling factor of 1/2 regardless of the 
arrangement of the cells give 


The light intensity 


kh (n, — no) 


I = I,e0s? ——_5—— (6) 
Models having a 3/4 filling factor give 
kh (n, — no) 
1 +3 cos? ——5——— (7) 


a 


as 


for the directly transmitted light. The arrangement of the cells 
affects only the distribution of the scattered light. 

Usually in the preparation of dispersive light filters an at- 
tempt is made to obtain as homogeneous a distribution of the solid 
particles in the liquid as possible. Thus models 2 and 6 are those 
which correspond closest to reality in Fig.2. Model 2 is an ideal- 
ization of so-called mosaic light filters. A mosaic light filter 
is made of small plates of two kinds of glass bonded in a checker- 
board pattern on a transparent base. Such light filters are used 
to obtain a desired energy spectrum from a given light source. Na- 
ge] 10 suggests that the spectrum of the transmitted light depends 
on the positions of the individual squares in the mosaic. The re- 
sults of our calculations contradict this influence. 

The aggregate light-scattering layer is comprised of a set or 
series of elementary films. Each successive elementary film scat- 
ters some part of those wavelengths of the light for which ni—n, 
is sufficiently large. As a result, these wavelengths are scatter- 
ed or, in effect, filtered out. The thicker the light-scattering 
layer, the more films it contains, and therefore the narrower the 
band transmitted by it. 

Consider a light-scattering layer consisting of m elementary 


films. Than taking into account the discrete structure of the 
layer, we obtain 


I=], | cos? Ah (n= Ma), es na) iz (3) 


4 


for the direct transmitted light intensity when the filling factor 
is 7/25" and 
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A k, Sip)) We 
I= I,\ (1 — p®) +p? cose | (9) 


for any degree of filling. 

Eqs. (8) andscomanresvalidtor all valties’ of n,—,, W.e., in 
a wide range of wavelengths. Because the discrete structure of 
the light-scattering layer has been taken into account, these eq- 
uations are valid for layers of any thickness, including very thin 
ones for which m is small. 

It is easily shown that for wavelengths close to the transmis- 
Sion band (i.e., in the region where ni—n, is small) and a suffi- 
ciently large number of films, Eqs.(8) and (9) go over into Raman's 
Eq.(1). Knowing h, }) and the shape of the dispersion curves, one 
can calculate the necessary thickness of a light filter. 

Simple results for the angular dis- 
tribution of the light are obtained if 
we assume that the mean index of re- 
fraction varies continuously. A numer- 
ical calculation was performed for a 
model of a film in which all of the 
cells are the same, and in each of 


Y 
4 


A/2 


Lr 


Az A which the mean index of refraction 
Fig.3. Variation of the mean varies as shovnin Fig.3. The intensi- 
index of refraction along the ty of the light transmitted along the 


x axis is 


Sk(a— RYA\ 2) ye. (aR) A? 
12 4G i cia 
f=, (Gextr )+("texmr) + 


4 4 


_k(a—R)A _k(a+tRyA _ kaAN \2 
pts ae ee fe a A ae PI Whee Ce 
+2( Fate] seem |"? |(“ar ) 
i 927 ce eros 
) (10 
where k=, R=h7—*, a=sing, and h 
is the thickness of the layer. 

Fig.4. shows graphs of the expres- 
sion in brackets as a function of a 
for three particular cases. The 
shape of the curves depends strongly 
on ni—fne. When this difference is 
small, there is one sharp central 


maximum and side maxima are virtual- 


x and y axes. 


I 
| 
| 
; . ‘i ly absent. When the difference is in- 

oy (ete creased, the central maximum begins to 
pee ss drop and side maxima appear. They 

/ : \ \ move further from the center as n,—n, 

fF, Jam NG 


= we increases; finally, at some values of 
el ied n,—n, there is no central maximun. 

As sett i Ed Bet Sod The sequence of colors in the halo de- 
Fig.4. Variation of the transmit- pends on the spectral composition of 
ted light intensity as a function the light. These results agree with 
of ¢ for h = 0.01 cm, A= 0-01 cm, the experimental data of Sethy3 and 
2 = 0.5°1074 om, and for ni — Me Sogani4. 
equal to 1) 0.001, 2) 0.005, and 
3) 0.015. 


WG sing 
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Of particular interest is the case in which the dispel eae 

tance absorbs light. Calculations with the above mo Ba eee 
i absorption of light by the dispersed substance show tha : ay 
He character of the scattering depends on the di ste 
cells. The directly foes ae pee pene only on 

orption and the filling fac . 
aa a ie eee substance absorbs light, the een ae 
the light directly transmitted through m elementary fiims 


filling factor s is given by 


= ee 11 
T=Ij{or%e *® +(1—o@4+20(1—a)e * cosa ™)} (11) 


Now, the absorption coefficient for a continuous medium is 


4 I 

Hence by analogy, we can introduce the concept of an attenua- 
tion coefficient K, which includes both absorption and sidewise 
scattering. This will then be 


Danae beh ee 
K,=— In i ale 2), 26 A —2(1—<s)e x cog (13) 
where h is the thickness of the layer and x is the absorption co- 
efficient. Writing , 
oii Bsa 27h (ny — no) 


@ | (2 —s) — se tu 2(4 6) e—4 cos I) — a, 


we obtain 


epee it a. (14) 
If «<i, then —In(i—«)=a. 


In this case K,~ —, and we may say with sufficient accuracy 
that the light intensity varies according to 


8. (15) 


This approximation is valid if x and n,—n, are small, i.e., only 
for weakly absorbing and weakly scattering substances. In general 
for arbitrary values of «x and ni—n, the intensity varies in a 
more complicated way. 

A plot of Eq.(13) shows that 
ray variation of the filling factor 
¢ does not:alter the position 
of the attenuation maxima (see 

Fig. 5)% 

The wavelength dependence of 
the attenuation coefficient is 
strongly related to the degree 
of inhomogeneity of the medium. 
SS SS SS eee 


Fig.5. Wavelength dependence of the at- 
tenuation coefficient K, for 1) s=0.5; 


and 2) c= 0.9; curve (3) corresponds to 
4mm. 
k= = With c= Is 
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So long as the inequality 


mh  F 
mn 1 — N) ~ FZ) (16) 


2a rpm the kK, curves reproduce approximately the absorption 
ee curve of the dispersive substance in the continuous 
i State, i.e., the maxima of the attenuation and true absorp- 


tion curves coincide. 


2rh(ny—n2) 
C08 ¢——__ ——— j 
7 becomes negative. In other words pronounced heterogen- 


eity of the material results in strong scattering. New maxima 
then appear in the curves, while the old maxima are deformed and 
displaced. Fig.6 shows the wavelength dependence of KH, for various 
values of h. The calculations are performed for a substance whose 
awe 7 aie apiaheaay and absorption coefficient vary as shown in 
een. rei of Eq.(16) is fulfilled only for the solid 


27h 
When (1m —M2) becomes greater than = , 
Zz 


ha 


1! 


47 


> 
? 
— 


as es 


J 


17 12 Wa ft 


| 7 : g I @ 


a J 0 11 2 WG 4p 


Fig.6. Wavelength dependence of K,for 
different values of the layer thick- 
ness hs 1) lp, 2) 5p, 3) 10 p- 


The different curves show how im 
account the degree of inhomogeneity o 


ting the spectrum of a substance i 
touched upon above are discusse 


The questions 


Fig.7. Wavelength dependence of 
x (1) and n (2) of the material 
for which the curves of Fig.6 
were calculated. 


portant it is to take into 
f the medium when investiga- 


n a dispersed state. 


d in more detail 


in the publications listed under Ref .6. 


Institute of Physics and Mathematics, 
Academy of Sciences of the Belorussian SSR 
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RESOLUTION ADOPTED BY THE FIRST CONFERENCE ON THE 
SPECTROSCOPY OF LIGHT-SCATTERING MEDIA 


The Conference notes the very great theoretical and practical 
importance of the spectroscopy of light-scattering media. This im- 
portance results from the fact that the overwhelming majority of 
Substances occurring in nature and used in industry are dispersed 
light-scattering materials that are not susceptible of analysis 
and investigation by conventional optical procedures. 

The present state of the theory in this field allows of solv- 
ing individual spectroscopic problems, but we still have far to go 
before we can develop universal spectroscopic techniques applicable 
to light-scattering materials. The existing experimental data ex- 
hibit many important regularities but are still too sparse to serve 
as a reliable foundation for working out the theoretical problems. 
The Conference notes that the research in the field being carried 
out by different groups is not adequately correlated. 

This Conference deems it necessary to expand scientific re- 
search in the optics and spectroscopy of light-scattering media. 
The most important goals to work for are a) further experimental 
research in the optics and spectroscopy of light-scattering media, 
including detailed experimental verification of the existing theo- 
ries; b) further development of the theory, both general and as 
applying specifically to substances of different types and the di- 
verse spectroscopic problems encountered in practice; c) further 
development of the phenomenological theory of propagation of radia- 
tion in the scattering media to serve as a basis for the spectro- 
scopic analysis of light-scattering media; d) elaboration of the 
theory of light dispersion in light-scattering media; e) develop- 
ment of the theory of light-scattering by individual isolated par- 
ticles (primarily absorbing particles of irregular shape) and by 
particle complexes and many-particle layers; f) working out de- 
tailed methods for solving important practical problems (disper- 
sive light filters, luminescent powders, methods of spectroscopic 
analysis in the visible and infrared regions of the spectra, etc.) ; 
g) publication of charts and atlases of reflection and transmission 
spectra of light-scattering media (natural substances, pigments, 
colloids, etc.); h) design and construction of specialized mea- 
suring equipment; i) development of quality control and inspec- 


tion methods based on the optical properties of light-scattering 


substances. 
The Conference finds that one of the most important problems 
is more effective communication with industry, with a view to in- 


suring more prompt utilization in practice of the results already 
achieved by researchers. 


With a view to stimulating the maximum expansion in research 
on the optics and spectroscopy of light-scattering media and in 
the interests of efficient further progress, it is desirable that 
the research performed by different organizations be carefully co- 


ordinated. The Conference considers it necessary to call a second 


conference on the optics of light-scattering media in 1958, this 


conference to be devoted to wider problems, including spectroscopy; 


astrophysics, geophysics, and colloid physics, and to be attended 
by representatives from industrial laboratories. 
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The Conference turns to Comrades £.V.Shpol'skii, M.V.Savost '- 
ianova, B.I. Stepanov, K.S.Shifrin and G.V.Rozenberg with the re- 
quest that they assume the initiative for preparing the Second 
Conference on the Optics and Spectroscopy of Scattering Media and 
furthering coordination of the relevant work of different organ- 
izations in the interval between conferences. 

The Conference expresses its gratitude to the Committee on 
Spectroscopy of the USSR Academy of Sciences for the successful 


organization of the present conference. 
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FINE STRUCTURE OF Q-DECAY OF EVEN-EVEN NUCLEI 
- V.G. Nosov 


1. A characteristic of Q-decay of deformed heavy nuclei is excitation of 
rotational states of the daughter nucleus. It can readily be demonstrated 
that the relative probability of excitation of the individual rotational states 
of the daughter nucleus can be expressed in terms of its equilibrium deforma- 
tion. The mathematical proof is particularly simple in the case of even-even 
nuclei. 

In this case the Q-particle wave function in the system of coordinates ro- 
tating with daughter nucleus satisfies the following expression: 1 


sae w+ (P+ 4) 2 [apy we l+arle—U(wie=0. @ 


Here E is the decay energy, ™ is the reduced mass, I is the moment of in- 
ertia of the daughter nucleus, U is the potential energy of the electrostatic 
interaction of the Q-particle with the nucleus, 7 is the distance between 
the daughter nucleus and the Q-particle and »=cos% is the cosine of the 


angle between the direction of emission of the Q-particle and the symmetry 
axis of the nucleus. 


Let us seek a particular solution for v,, which at great distances describes 
an Q-particle with momentum 7 moving away from the nucleus. Substituting 


bi(r, w) = EE (p) eo(r, #) (2) 


in (1) gives us the following equation 


P(e) +> ota toe e010 4 (244) 4 


r2 


+ (44) {Pfu (ZY — 2H +1 3] 42 —wy FE Bho, @ 


which it is convenient to solve in the quasi-classical approximation 


SS Oy toto ++... 


Thus we can write 


(ss) (S4 Lan (Gef =e +04 9(F +4); 
Sera Trae er en ad a Ba 
— oy 8 4 (1 9) 22] 42 —w) SE Sah =o. (4) 


Solution of Eq.(4) becomes easier in the case of a weakly deformed daughter 
nucleus. In this case the equation for the surface of the nucleus can be 
conveniently written in the form 


R(p) = Ry + §(u) = Ro {t + DonPn le) j- (5) 


The os, are sought in the form of series in powers of &: 


~~ of?) 4 oft) = of) ae 
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e daughter nucleus can readily 


i ntial produced by th 
The electrostatic pote i“ As a result of simple opera- 


be calculated in the form of an analogous series. 
tions, we obtain 


3) = Oi Sue 
F) (6) 
(1) Bg On C re oe 
alae id Dt Po w)| ce a 
Here : 
ae / #42 — 
where LmZe! ; h? 
SE a yeep ata =D 


Eq. (6) are also valid for r<ai, if we bear in mind that in this region 


ky =i =i V 1) gg it. The higher order terms of the double series 
r i? 
c= yo” are negligibly small. 
km. 
Going to the limit r—»co one can readily show that the a-particle flux, 
corresponding to the ), state, through a closed sphere is independent of /. 


Hence if we write the true Q-particle wave function in the form b = deri, 


l 
the relative probability of excitation of a rotational level with momentum l 
will be c,?. 

The coefficients c, can readily be expressed in terms of the values of 
the wave function U(S) at the surface of the nucleus. Thus, inasmuch as only 
relatively small values of / are significant, we can write in the requisite 
approximation 


3.2} (S) = 08} (Ry) fimo = % (Ro) + UE + 1); 


(7) 
a!) (5), = 54 (Ra) Wanie Sal) sto Fa) (eens 
Here 
mr 2p 
we I (% Oe x ) 
“aa, ees Rr are tg =- + Ry ; (8) 
where 
2mE TT. se 
kahkg=/ SS; xx (R,) =Vid—e. 


Utilizing the orthogonality of Legendre polynomials, we readily: obtain 


a eo = italy oe (a) 
Cpa alten iV Q1ae4 2 7 V 9(s) eal D, (w) dp. (9) 
—1 
Here r=, throughout and the vertical bar at the right of a term 
indicates that the expression should be taken for /7 = 0. 
It is convenient to normalize the relative probability w; =|c;|*? using the 
condition w=1. In this case Eq.(9) yields 


= 


Ty STS re 
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i Zn Pyle) 


| \ 9 (s)e" P,(u)du | 
yy = (20 +1) e-vt41) =} 
Cees Hie i SenPae) oN 
\ § (S)e” ae 
where =I 
2 x2 re OR +1 id ( /R 
uae Mate 9 \"+1 dr ae 9 \n+1 dr 
bam {aR — eel CP) a i\ (=) i |e. (11) 


Although Q-particles in a nucleus are not stable structural units (in the 
sense of neutrons and protons), the Q-particle wave function can be generalized 
to the region inside the nucleus. Thus from a purely formal standpoint the 
parent nucleus can be regarded as a composite system consisting of an Q-parti- 
cle and the daughter nucleus. 

If we denote the wave function of the i-th steady state of the Q-particle 
by Yi and the wave function of the k-th state of the daughter nucleus by jz, 


the total wave function of the ground state of the parent nucleus can be 
written 


> Pix (r) Xi Xe 
ik 


where r is the radius vector of the Q-particle relative to the center of 
gravity of the daughter nucleus. 

The term corresponding to unexcited states of the daughter nucleus and 
the Q-particle will be %, (r)yoy,. Obviously, the function %,(r) is a natural 
generalization of the Q-particle wave function to the region inside the nucle- 
us; it must be continuous inside and outside the nucleus and hence must trans- 
form smoothly into the ~ function deduced above at the surface of the nucleus. 
On the basis of the concept of homogeneity of nuclear matter and the shortness 
of the Q-particle path length in it, we can naturally assume 4, (r) = const. 
Substituting in (10) accordingly, we obtain 


1 2ByPn() 
en P, (u) du. 
= —yl(I ae 
w, = (27+ 1)e DS oS ERO Te J. (12) 
e™ du. | 


i 


—1 
2. In heavy nuclei quadrupole deformation of the form 
E = Ro%,Pe (u)- 


is most important. If, therefore, in Eq. (5) we limit our consideration to 
quadrupole deformation, Eqs.(11) and (12) become 
aL 
wy = (21 + 1) er +) 2 __________, 
\ pSPal) du 2 


8=8,= [#2 (1 —=)- pee a] Op. (13) 


5 x“? 
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On the basis of the available etpenientsAc= genes aber 
the 2+ rotational level in Q-decay it 18 easi ASE 
of the various daughter nuclei in question by means of Eqs. ! ‘ 

i i the computation are all available directly from ex 
dee aa eteeptytet Shs ashe er Ro for which one must take two alterna- 
tive values: 1.0 A1/3-10-13 and 174 Al/3-10-13 cm. gee 

The results of such calculations are listed in Table i. ine wou te e 
to check the predicted variation of the quadrupole deforma t+cn Xe with refer- 
ence to the quadrupole moment Q, determined from Coulomb excitation of a 4 
2+ level. Unfortunately, at present we do not have sufficiently reliable an 
extensive data on Coulomb excitation of Q-active nuclei, hence we must seek 
other methods for comparing theory with experiment. 


Table a 
ESSE eee 
Bai SS a ie 
2 pes 
a2 Qo = = ZR a2°10 
‘ | = 
meer abs Ry =1,0Ats-10-19| Ry = 1,44'/3-10-1 | R, = 1,04 '3-10- R, = 1,4A'/s.10-# 
ages 0,24 0,20 9 45 
pone 0,30 0,24 42 48 
Ra226 0,26 0,21 10 16 
Ra??8 0,30 0,24 We 49 
Th226 Onan 0,22 11 17 
qninee 0,26 O21 10 ry 
Th280 0,24 OT 9 14 
ANaete 0,23 0,419 9 45 
Th284 On2d Ona 9g 14 
U230 Oe13 0,14 3D 9 
282 0,15 0,13 6 44 
284 0,20 0,16 8 13 
U28e 0,18 ORS 8 12 
285 0,16 0,14 7 LPs 
Pas 0,18 0,15 8 43 
Rusts OF He 0,15 7 13 
Co 0,15 Oale 7 41 
Cmts 0,13 0,14 6 10 
Cm 248 0,12 0,10 K 9 
cimn 0,12 0,10 6 9 


One of the quantities readily determinable from experiment is the moment 
of inertia I of the daughter nucleus. It can be found directly from the ex- 
citation energy Eg = 3i2/I of the 2+ level; this energy has been measured with 
great accuracy in a number of cases. From the theoretical viewpoint, however, 
comparison with the moment of inertia values is not very rigorous, since the 
moment of inertia depends, apparently, not only on the deformation but also 
on other details of the nuclear structure. At present we have no theory giv- 
ing the dependence of the moment of inertia on the deformation and on the 
structure of the nucleus (in particular, we have no theory for the precise 
dependence of the moment of inertia on the number of nucleons outside the 
outer closed shell). Nevertheless, we can reasonably assume that, other con- 
ditions being equal, the moment of inertia will increase with increasing de- 
formation. 

The experimental data on the excitation energy of the 2+ level of uranium, 
plutonium and curium isotopes, assembled by Hollander® from different sources, 
are plotted in the accompanying figure. It will be seen that in the case of 
uranium isotopes the moment of inertia exhibits a sharp maximum for u234, An 
analogous maximum, but less sharply pronounced, is observed in the case of 
the plutonium isotopes. In contrast, in the case of plutonium, I monotonical- 
ly increases in going to the heavy nuclides. Comparison of these experimental - 
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Pith data with the values in Table 1 shows fair 

i quantitative agreement. Thus in the case of 
uranium isotopes the deformation «, does show 
a sharp maximum for the U234 nucleus. For 
plutonium there is no agreement, but it must 
be noted that the data in question require re- 
finement. In addition, it would be desirable 


46 


4 to measure the deformation of the Pu242 nucleus 
from Q-decay of Cm246, For curium there is 
42 again good agreement: the monotonic decrease of 
138 42 46 160 #72 the moment of inertia is paralleled by a mono- 
tonic decrease of the deformation a, in Table l. 
Energies of the first ex- Thus it may be said that the deformation deter- 
cited states of heavy even- mined from the fine structure of Q-decay is in 
even nuclei. Here m = nun- good qualitative agreement with the experimental 
ber of neutrons in the nu- data on the moments of inertia. 
cleus. The deformation values listed in Table 1 


can be utilized for calculating the probability 
of excitation of the 4+ level. The results of calculation by means of Eqs. (13) 
and (8) are juxtaposed with the available experimental data in Table 2. It 
will be seen that at the beginning of the table there is relatively good agree- 
ment with experiment except for Ra222 , but that starting with U234 there be- 


comes evident a definite divergence which amounts to an order of magnitude 
for Pu238, 


Table 2 
Ws a ae 
PSs | ae aes Ws 
aes r9=1,0 ro=tyh 2P | PY Oy tee Olt ee 
Ra222 0,0011 0,0013 0,0078 
Ra?24 0 ,0026 0,0030 0,0028 
Ra226 0,0014 0,0016 0,0026 
Th228 0,0054 0,0062 0,0044 
Th230 0,0028 0,0033 0,0041 
U234 0,0047 0,0054 0,0013 0,25 0,20 —0,05 —0,04 
U236 0,0027 0,0032 0,0014 0,21 OFAT —0,03 —0,03 
Pu238 0,0043 0,0050 0,0005 0,23 0,19 —0,06 —0,04 


It should be borne in mind, however, that in all the calculations only 
the quadrupole deformation «, was taken into account in Eq.(5). The divergence 
petween theory and experiment can be eliminated by additionally taking into ac- 
count the small deformations «, The values of the deformations «, and a, de- 
termined from the excitation data for the 2+ and 4+ levels according to Eqs. 
(8), (11) & (12) are listed for U234, 236 and pu238 in the last columns of 
Table 2. It will be evident from the «, columns that very small values of 
are sufficient to re-establish agreement between theory and experiment. 

Thus the probability of excitation of the 4+ level proves to be very sensi- 
tive to fine details of the form of the nuclear surface. It may therefore be 
predicted that excitation of the 6+ level will prove sensitive to even finer 
details of the shape of the daughter nucleus. 
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INVESTIGATION OF THE INTERNAL CONVERSION ELECTRON SPECTRUM 


OF LONG-LIVED Eul52 AND Eul5 
- B.V.Bobykin & K.M. Novik 


The sharp increase in the deformation of Beg ae the neutron number is 
increased from N = 88 to N= 90 (Mottelson & Nilsson ) lends particular inter- 
est to investigation of the activity of Eul52 and Eul54, The decay products 
of these nuclides are Sm152 (N = 90), Ggal52 (N = 88), Gdl54 (N = 90) and pos- 
sibly Sm154 (N = 92). The half-lives of Eul52 are 9,2 hours* and 13 years; 
the half-life of Eul54 is 16 years.? 

At the time the present experimental work was being started (1954), there 
was considerable uncertainty in the data regarding the 7y-radiation accompany~- 
ing the decay of these isotopes. This can be explained by the serious diffi- 
culties encountered in investigating their radioactivity. Among such diffi- 
culties are the possible contamination of the europium sources by other rare 
earth isotopes and the fact that both isotopes when prepared by neutron bon- 
bardment of natural europium are produced in mixture, while the products of 
their decay comprise four isotopes. Identification of the various y-transi- 
tions is hampered by the great abundance of such transitions accompanying the 
decay of Eul52 and Eul54, our data on the identification of the y-transitions 
were published in Ref.3; this report also contains references to the earlier 
results of other authors. Since then a number of new investigations have been 
reported in the literature. Grodzins & Kendall14 published a summary of their 
work with separated Eul52 in the form of a decay scheme, Dzhelepov, Zhukovskii, 
Nelovesov & Shchukin® investigated the relative intensities of the 7-rays, 
Nathan & Waggoner® describe the results they obtained with a source free of 
rare earth impurities and Cork and his co-workers’ published a communication 
describing their investigation with separated Eul52 and Eul54, 

The results of the present investigation show that some of the data on 
the decay characteristics of Eut52 and EulS4 appearing in the above listed 
publications are in need of revision and amplification. 


Experimental procedure 


The internal conversion electron spectrum of a mixture of long-lived Eul52 
and Eul54 was investigated on a double-focusing spectrometer. This spectro- 
meter is characterized by good resolution and a large acceptance angle and al- 
lows of using large sources. 

The electromagnet of our spectrometer is similar to that described by 
Kurie et al8. with the realized magnetic field distribution in the magnet 
gap, the spectrometer was adjusted for operation in the 100 to 700 kev elec- 
ies energy region, i.e., the region most densely populated by conversion 

nes. 

For adjusting the instrument we used the monoenergetic electrons of the 
F-line of ThB. Using a solid acceptance angle of 0.002 of 4x, we investigated 
the character of the apparatus line as a function of the angular separation 
between the source and detector. The optimal angle proved to be 258°. In 
its initial state the magnet had a residual field of about 11.8 oersted at 
the central trajectory. In the subsequent measurements this initial residual 
field was retained by appropriate "aging" of the magnet. 

It was found in the preliminary studies that the radius of the electron- 
optical axis is not critical. The source and detector slit were positioned 


*We did not investigate the short-lived isomer Eul52m, 
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with a radius of ro = 243 mm corresponding to the center of the slanted part 


of the pole pieces. We also investigated the influence of the source width 
on the line shape. The character of the vertical image was determined by 
photographing the ThB F-line using a 1.5 x 19.5 mm source. It was found that 
the resultant image had a height of 20-21 mm and was curved with a radius of 
curvature of about 110 mm. The photograph of the F-line image was used for 
determining the shape of the receiving slit over the detector. The aperture 
slit, subtending a solid angle of 0.002 of 4x, was located at the midpoint of 
the angular separation between the source and detector (i.e., at 129°) and 
had the shape of an ellipse with semi-axes of 40 mm and 22.6 mm. All the 
measurements on the europium isotopes were carried out with this aperture slit 
using sources of the same 1.5 x 19.5 mm dimensions. The detector assembly 
consisted of two Geiger-Milller counters in coincidence. The curved receiving 
slit over the detector had a width of 2 mn. 

Generally, the resolution of a spectrometer of this type is greatly re- 
duced in working with electrons of low energy. The resolution of our instru- 
ment was improved by appropriate modification of the pre-operational prepara- 
tion of the magnet. The spectra of 10 to 100 kev electrons were studied after 
preliminary demagnetization of the magnet. The resolution of the instrument 
and the shape of the instrument line obtained with different preliminary treat- 
ments of the magnet are shown in Fig.1.* The different europium lines are 
taken from the corresponding series of measurements. The electron line with 
energy 1362.5 kev had a half-width of 0.32%. 


19781, KOE 19781:K64 
7 24406 | y- 2484 


| J623;K64 IV 
om EU 


e. GS O FO, ‘ 
540 G45 650 G55 G60 1625 1630 M35 1640 1645 
Ho, oersted* cm 


Fig.1. Shape of the apparatus line with different regimes of prepara- 
tion of the magnet for operation: 1) "aging", 2) demagnetization. 


If our spectrometer had provision for smooth regulation of the angular 
separation between the source and detector, there would have been no need 
for varying the preliminary treatment of the magnet and the resolution would 
have remained virtually constant in a wide range of magnetic fields. Unfortun- 
ately, in our case the separation between the source and detector could not be 
changed during operation of the instrument. 

The internal conversion electron spectrum was recorded as a function of 
the current flowing through the windings of the magnet. The magnet current 
was measured by means of a PPIV-1 type potentiometer. For determining the 

*In all figures and tables the number following the line designation de- 
note Z@ (thus for K 64 read K, Z = 64; for Lyy162, read Lyyy,Z = 62, etc.). 
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europium line energies, we used the standard lines of Th(B + C + C"), Csl37 
and Co60 (Ref.9,I). In using this procedure in conjunction with iron spectro- 
meters, the accuracy of energy determination is limited by the fact that the 
variation of the ratio between the strength of the magnetic field and the cur- 
rent through the magnet windings differs in different series of measurements. 
The influence of this factor in our experiments was wholly eliminated. The 
standard lines and the europium lines were recorded as a single spectrum with- 
out turning off the magnet. In the procedure followed, upon approach to the 
position (field value) of a standard line the europium source was removed from 
the spectrometer and replaced by the appropriate standard B- line source; after 
recording the given standard line the sources were again interchanged and the 
investigation of the europium lines continued. To facilitate this interchange 
all the source holders were standardized to the same size and each source had 
its own holder. In this special calibration series of measurements the weak 
lines of europium were not recorded. In subsequent series of measurements the 
principal europium lines served as the references for calibrating the spectrum 
as a whole. Appropriate measures were taken in the process of measurement to 
insure a smooth magnetization curve. To this end the rate of change of the 
current through the windings was kept as uniform as possible and the current 
was kept stable to better than 1 part in 109. The smooth regulation of the 
current was realized by two series-connected rheostats. 

Interpolation between the reference points (the initially calibrated euro- 

pium lines) was car- 


S ried out by means of 
S cubic parabolas each 
8@ of which requires 4 
SS given points for 


plotting. The cubic 

parabolas were dis- 

tributed so as to 
© insure adequate over- 
lapping of the curves. 
It was found that 
with this method of 
interpolation the 
uncertainty in deter- 
mining the energy is 
due primarily to the 
uncertainty in local- 
izing the line peaks. 
Even in the most un- 
favorable case this 
factor was always 
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Fig.2. Auger electron spectrum of samarium (Z = 62) and cedure described 
gadolinium (Z = 64) observed in the decay of Eul52 ana earlier’, 
Eul54, Correction; the inscription above line III 
should read "32, 19; K - Lyylyy; LyLyzyz62". 
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Results 


The electron lines observed incident to decay of Eul52 and Eul54 are 
shown in Figs.2 through 5. The lines are arranged in order of increasing 
energy and are numbered (in the circles). The horizontal scales in the fig- 
ures are laid off in potentiometer readings; the vertical scales in terms of 
the counting rate, the unit being 16 counts per 3 min. Characteristics of 
the lines are indicated in each figure. The double repetition of the poten- 
tiometer indication values is due to replacement of the standard resistance 
in the external circuit of the PPTV-1 potentiometer. The resistance was 
divided into two sections and the change was usually made in the process of 
operation of the spectrometer. The ratio of the resistance sections was 
1:5.5186. Thus by using this factor the potentiometer indications could be 
brought to the same scale where necessary. 

The lines shown in the figures are taken from different series of measure- 
ments. The lines reproduced in Figs.4 & 5 were recorded with a B-source hav- 
ing an average thickness of 0.1-0.2 mg/cm2, prepared on an aluminum foil back- 
ing 5 p thick. Beta-sources one eighth this thickness were used in recording 
the lines shown in Figs.2 & 3. In the latter case the source support was 1.5 u 
aluminum foil. As may be seen from the figures, the utilized B-sources were 
sufficiently thin to preclude any serious energy loss in the material itself. 

Lines Nos.1-24 were recorded with the magnet demagnetized beforehand; 
lines Nos.25-73 were recorded with the magnet "“aged'' beforehand. The root 
mean square errors indicated at the experimental points were evaluated taking 
into account the different corresponding counting times; where no uncertainty 
is shown the magnitude of the evaluated error is commensurate with the dimen- 
sions of the solid point. 

All the internal conversion electron lines rise above the rather high 
background of the continuous B-spectrum. The level of the B-background was 
plotted taking into account the experimental background points obtained in 
all the series of measurements. The background is shown in all the figures 
by the dash lines. In determining the energy of the y-transitions we used 
only the K conversion lines; the L lines, in view of their triplet structure 
and generally low intensity are less suitable for this purpose. 

The relative intensities of the conversion lines are listed in Table l. 
Next to the intensity values of some of the lines we have indicated the magni- 
tude of the probable errors taking into account the reproducibility of the 
observed intensity in several series of measurements. Their magnitudes do not 
reflect the systematic errors that might have been involved in these measure- 
ments. If there were such systematic errors, however, they must be so small 
as not to lead to any serious distortion of the results listed in Table i. 

For purposes of comparison we also give the conversion line data published in 
1957 by Nathan & Waggoner®, Appropriate corrections for electron absorption 
in the counter window are included in the relative intensity values of the 
conversion lines from No.1 (10.45 kev) to No.30 (122.9 kev).* The window of 
the counter consisted of a silvered collodion film having a density of 0.16 
mg/cm2, Strictly speaking, accurate corrections for the absorption of the 
film could be made only on the basis of a special investigation of its trans- 
mission with the given geometry. To determine the approximate corrections we 
used the transmission curve shown in Fig.6. This curve was plotted on the 
basis of the data of von Ardenel9 and Saxonll, 

*The electrons were recorded by the coincidence technique only in investi- 
gating the high energy (> 600 kev) part of the spectrum. 
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Table 1 


Identification and relative intensity of the conversion lines 


observed in the decay of Eul52 and Eut 


Y, |Data from Ref. 6 
pte atl so >lHo 
o o 
ae | O.a2 Relative OFS  aPoe 
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OP | a80 n ey Gy || WO || Ts 
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2 | 10,81] L,, 64 -18,8 ~100 on eee eee 
3 | 14,54} Lyyy 64 7-18,8 120 Loh Shalit 
4 | 17,19] M 64 -18,8 45 ad aa gree 
5 | 24,45| K 63 -69,7 14% epee Sires: 
I | 34,45) K—L,L,.62 (80 Qutb Saha 
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ZX Wield teeee ~y-105,3: Sab Sp as 
24 |101,4 | M 63 -103,2 1,6* 1: | teas 
25aM14 ig) Dade 162 7-124 ,77 = Ce ee Gee 
26 mil 5s2els FeLnpsChstela ote mud eos0a. ae 3 | 1770 |115 
+y-121,77| 2100 
27 MAG OW eka re re 7-123 ,02 = 3 | 395 116 
28 120,4| M 62 124,77 324 2 | 296 |420 
29 |121,6 | N 62+ 64 124 77-4 236 2 93 |124 
595 
+-123,02 
30 |122,9 | NV 64 -123 02 35 yaad waked Nese 
31 |197,81| K 62+ K 64 7-244, 66-4 100-14 5 | 100 |198 
+-248 ,04 
*Relative intensity not constant; see text. 
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Table 1 (continued) 


a ae TT ey ee ea 


Energy of 
conversion 
lines, kev 


Identification 


62, 
M 62+ K(?) 
K 62 or-K 64 


KOGA Or eK 64 
K 62 or K 64 
K 62+ K 64 
K 624+ K 64 


(K 62 or K 64) 


L 64 
K 62 
K 64 
L 62 
L 64+ M 62 


K 62 
K 64 
K 64+ L 62 
L 64 
L 64 
K 62 
K 62 
L 62 


L 62 
K 62 (or K 64) 


L 62 (or 64) 


K 62 
L 62 


7-444, 23 
y-444,23+(?) 
7-083,1 or 
586,95 
y-612,4 or 
615,5 
7-676 or 
679 
7-689 1+ 
+ y-692,5 
y-720,2+ 
+ y-723,6 
7-689 1 
7-692,5 
y-757 ,7 
7-720 ,2 
7-723 ,6 
y-779,95 
(y-810,6 or 
813,9) 
7-779,5 
7-868 ,5 


-1272,6(or 
4276 ,0) 

-1409,4 

-1409,4 


5. 


Data from Ref.6 
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Fig.3. Internal conversion lines of Eul52, 


backing - 1.5 yp thick aluminum foil. 
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Fig.5. Internal conversion lines of Eul52,154, average thickness of source 0.1-0.2 mg/cm 
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Fig.6. Plot of electron transmission by 
counter window film having a thickness of 
0.16 mg/cm2: @) according to the data of 
von Ardenel9 and o) points obtained by 
interpolation of Saxon's datall, 


Table 1 also lists the rela- 
tive intensities of the Auger elec- 
tron lines. 

Bergstrém & Hil19»II proposed 
the following simple formula for 
determining the energy of the 
K-LL Auger electrons: 


K-Lplg = (K - Ly)z - (hg) zz, 


where K is the binding energy of 
the electrons in the K shell, and 
L. and L, are the binding energies 
in the L subshells. For determin- 
ing the energy with an accuracy 

of 0.1% the authors recommend 


using AZ = 0.54 for the Ly and 
Lyz subshells and AZ = 0.76 for the Lyyy subshell (the experimental verifica- 
tion was carried out for Z = 80 and 83). The energy values obtained in the 
present investigation for Z = 62 and 64 satisfy the given formula if one sets 
4Z = 0.65 for the Ly and Lyy Shells and AZ = 0.85 for the Liqr shell. 

Our investigation of the internal conversion spectrum was carried out in 
two stages. The principal measurements, allowing of identification of the 
major part of the conversion lines,were carried out during the first stage 
when the source was about two years old. The second stage or control measure- 
ments were carried out 280 days later for the purpose of checking the isotope 
assignments of the doubtful lines. It was established that the conversion 
lines Nos.5, 11, 14, 21, and 24 exhibit an intensity decrease more than 50% 
greater than the decrease of the intensity of the Eul52,154 1 ines.* 

The fact that the intensities of these lines all fell off at the same 
rate suggests that the listed lines are associated with the decay of the same 
isotope with a period of approximately 230 days. That the Nos. 14, 21 and 24 
lines are converted in europium (Z = 63) is evidence that the 69.7 kev, 97.4 
kev and 103.2 kev y-transitions accompany the decay of Gd153, Eul52 (N = 90), 
which is a product of this decay, is a deformed nucleus. The transition ener- 
gies and relative intensities of the conversion lines listed in Table 1 do not 
conflict with the results published by Marty & Vergnes!2, 

There is some doubt whether lines Nos. 12 and 13 belong to Eul52,154 jn- 
asmuch as there is an appreciable uncertainty in the evaluation of the intens- 
ity of these lines. The identification of these lines is tentative, particu- 
larly since no attempt was made to detect the K line of 9.75 kev energy associ- 
ated with the implied y-transition. As for the other conversion lines, no 
anomalous changes in their relative intensities were noted in the control 
measurements. 

Some observations regarding the 18.8**, 86.46 and 105.3 kev y-transitions 
are indicated. In the B-decay of 1.7-year Eul55 there occur transitions hav- 
ing energies of 18, 84 and 102 kev in Gd155 (Ref.13). We cannot categorically 
assert that there was no Eut®5 impurity in our Eul52,154 sample inasmuch as 
the neutron-irradiated natural europium was not spectroscopically pure. Eul55 

*The intensity values for these lines listed in Table 1 pertain to the 
results of the control (second series) measurements. 

**The L lines associated with this transition were not detected in the 
principal series of measurements. 


- 1556 - 


could form in two ways: by the (n,7) second order reaction on Eul53 and by the 
(n,y) first order reaction on sm154, the product of which decays according to 


the following scheme 


om Ca 155 
15 © 5 Fuss ——> Gd”. 
pei 23.5min °° 1.7year™ 


The results of our control measurements show that the 18.8, 86.46 and 105.3 
kev transitions belong either to Eul52,154 or to Eul55, if it is assumed that 
the lifetime of the latter is comparable with the lifetime of Eul52,154,* 

The inferred existence of the 46.52 kev y-transition (lines Nos.7 & 10) 
is only tentative; the Ly and Lyy lines associated with this transition may 
be masked by the M Auger lines of samarium. 

There are a number of interesting cases when the K lines associated with 
some of the y-transitions coincide almost exactly (within the 0.3% resolution 
of the instrument). Among these are the K lines associated with the 244.66 
(Z = 62) & 248.04 (Z = 64), 689.1 (Z = 62) & 692.5 (Z = 64), 868.5 (Z= 62) & 
723.6 kev (Z = 64) transitions. The first three cases have been discussed 
earlier?; the last case was spotted in a supplementary investigation carried 
out after we became acquainted with the results obtained by Dzhelepov et a16 
on the y-spectrum of Eul52,154, The intensity of the 720 kev y-transition 
proved to be appreciably higher than would follow from its position in the 
generally accepted level diagram of Sm152, We found the L lines associated 
with this transition: lines Nos.52 & 53 (Fig.4). While there may be some un- 
certainty regarding the precise contour there can be no doubt regarding the 
doublet character of the rise. The expected location of the L lines was deter- 
mined from the known position of the K line and the known x-ray absorption 
energies. These L lines are indicated in the figure by dash-line arrows. The 
distribution of experimental points in this region substantiates the existence 
of two transitions; the larger fraction of conversion electrons in this group 
are associated with the 723.6 kev transition (Z = 64). In view of its low 
intensity the No.46 line was disregarded in the principal series of measure- 
ments. The results of the last series of measurements showed, however, that 
it cannot be attributed to the short-lived activity. 

Lines Nos.70 & 71 represent the conversion lines associated with the 1272. 6i 
kev (Z = 62) or the 1276.0 (Z = 64) transition. The dash-line arrows above 
the No.71 line (and the No.63 line) have the same meaning as the arrows above 
Nos.52 & 53. In view of the low intensity of the No.71 line, its contour 
could not be brought out clearly and hence the curve in the figure must be re- 
garded as only approximate. Nevertheless it must be noted that there is a 
clustering of points in the region of the left-hand dash-line arrows. This 
cannot, however, serve as the basis for definitive identification of the y7- 
transition inasmuch as, in view of the prolonged recording of the electrons in 
this region of the spectrum,;there may have been a "break" in the magnetization 
EA oho tery 4 estimation this is doubtful). For this reason we give 

poss e identifications for : = 
Piohtaetcere Ss eararea nieve the Nos.70 & 71 lines (the Z = 62 identifica- 
ra Be ae abn oan the relative intensity of the K line (No.63) associated with 
Rec at . ev y-transition, we took into account the fact that in the spectrum 

is line includes the L line of the 964.8 kev y-transition, the multipole ord | 
2S which is E2 (see Table 3). To evaluate the intensity er ncne L 1ina"ae ts 7 
*Two transitions have already been noted by Cork et al7, namely, a trans- 


ition of 104.5 kev ener ertai 15 
perraiiinesrorcalo4s 8Y P ining to Gdl52 and a transition of 84.2 kev 


: 
| 
: 
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964.8 kev y-transition, we used the theoretical value of the K/L conversion 
ratio, namely, 7.0. 

The decay scheme for long-lived Eul52 proposed by Grodzins & Kendall“ 
includes y-transitions of 550 and 1200 kev energy in Sm152 and of 1100 and 
1240 kev energy in Gd152, We did not observe any conversion lines correspond- 
ing to these transitions. If they do exist they could be detected only in a 
special investigation with much longer recording times at each point. 

Some of the relative intensity values listed in Table 1 were used for cal- 
culating the corresponding conversion coefficient ratios. These experimental 
ratios are compared with the theoretical ones in Table 2. In computing the 
theoretical conversion coefficient ratios we used the data of Rose9,III for 
conversion on the L shell and the very detailed and accurate tablesl4 concern- 
ing conversion on the K shell, calculated by Sliv & Band taking into account 
screening and finite nuclear size. There is some uncertainty in the values 
of the L conversion coefficients for Z = 62, 63 & 64. This uncertainty is 
due, on the one hand, to the fact that Rose's calculations were carried out 
for a point nucleus (but taking screening into account) and, on the other hand, 
to errors involved in interpolating between the rather widely spread points 
in Rose's tables. 

The theoretical conversion ratios listed in Table 2 for the 18.8 kev trans- 
ition are highly approximate because in evaluating the coefficients we had to 
use extrapolation, inasmuch as there are no values for the L coefficient at such 
low energies in Rose's tables. The multipole order of this transition can 
therefore be indicated only tentatively. The experimental conversion ratios 
for the 86.46 and 105.3 kev y-transitions may contain an uncertainty of the 
order of 10-15%. For this reason these transitions have been identified as 
either El or a mixture of Ml + E2. From the formal standpoint the proportion 
of the two components in the mixture can readily be found!5 if one knows the 
conversion ratio for any two shells (or subshells) and the absolute values of 
the conversion coefficients for pure transitions on the same shells (or sub- 
shells). The mixture proportions for the nonconverted y-rays of the 86.46, 
103.2 and 105.3 kev transitions evaluated in this manner are listed in Table 2. 
The 121.77 and 123.02 kev y-transitions were very accurately investigated on 
a prism B-spectrometer by Kel'man et al16, Our value of the ratio K/L does 
not conflict with their results. There can be little doubt regarding the multi- 
pole order assignments for the 244.66, 248.04, 344.32 and 411.23 kev 7y-transi- 
Aten absolute values of the K conversion coefficients for some of the 7- 
transitions are listed in Table 3. These values were calculated on the basis 
of our data regarding the relative intensities of the K lines and a data on 
the relative intensities of the y-rays reported by Dzhelepov et al’, ah pea 
malizing the computed values we took the piece es K conversion coe x a 
Oy, = 3.1°1072 for the 344.32 kev y-transition (Eu+°2) which is known to peas 
(see Table 2). For lack of more appropriate data this normalizing K coe ee 
ent was also used in calculating the conversion coefficient of the eeitlas ae 
ted by Eul54, For this reason the values in Table 3 must be dee ab mee 
circumspection. We infer that the 859 and 873 kev transitions : e te fee 
actually the 868.5 and 873.7 kev transitions listed in Table a eines na 
there are no other conversion lines in the spectrum close to the 

th these transitions. 
Sega vee scheme for Eul52 proposed by Nathan & Le Se ae aren 
ts with the decay scheme given by Grodzins & Kendall”. a ge 
eke scheme for Eul52 taken from an unpublished work by Stephens. 
paitigss wchenes ca?o4 is assumed to have excited levels at 123, 371, 1010, 1140 
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Table 2 


Comparison of the experimental and theoretical conversion ratios 


I é Theoretical coefficient 
aap | Experimental ratios 
©] conversion T a4 + 
do coefficients em rag oe elie 
1 On| ravlos EA E2 E3 M1 M2 
LB B 
18,8 20,5 4,1* |0,003*|0,001*) 1,1* |13* | (£1) 
ata 
eee a 0,8* [1,3* |2,3* | 6* | 0,09*| (#1) 
Dy 
K / 
86,46| —7-=5,7 | 6,6 |0,9 0,13 | 6,7 | 3,5 | Bl Or 49% B24+96% M1 
L 
oe ee ees OPT AGO 5,2 | Et or 8% £21+92% M1 
K 
103, 2 oL =4,7 6,8 ‘lh |O) 2 6,9 3,8 15% £2+85% M1 
K Lod lod 
105,3 | —37-=5,8 | 6,7 | 1,25 | 0,21 )6,7 | 3,7 | BL oF 5% £2495% M1 
L- Ly 
= = An EAE Sled de el SO 6,9 | E1 or 20% F2+80% M1 
A Th XK 7,0 iL 0,4 HAY 4,0 £2 
423,02 | aess ps a On |Gs Zul ft, Gen [bO. Oa 4) G8 ara: Gun Lee 


* = 
Found for Z = 64 by graphic extrapolation in energy to 18.8 kev. 
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Table 3 
Absolute values of the K shell conversion coefficients obtained on the basis 


of the relative intensities of the K lines listed in Table 1 and the relative 
intensities of the Yy-rays reported in Ref.5 


‘ Y-rays: Ref.5 Theoretical K conversion mee 
y-transition | Relative inten een. cocfficient (10-3) BA seahe Kote 
energy, kev sity of K line molatitee cnergy, coefficient : 

intensty kev (10-3) Et E2 
344,32 109,1-41,4 118-48 344 31 
| 
411,23 6, 04-40, 14 S & 
444,23 2,67-+40,07 346 436 3,9-+44,0 4,7 
, tz 91, Ai) 14,5 
583,1 OF 586,5 1,27-40,05 8-42 583 5,3-44,4 2,6* 7,2" 
612,1 or 615,53 | 1,1840,04 a = 
676 or 679 ~0,4 oe at We 19x | 5.0% 
eae \ = 1,85 4.8 
69215 \ 6,940, 10 | 2,0 512 
720,2 = er 4,35 
a \ 153-40, 04 2142 720 2,440,4 {| ie pe 
757,7 0,70-+40,03 | 10-44 | 755 2,341,0 | 1,65 ) 4% 
779,5 2,89-40,07 6144 779 1,5940,12 | 1,6 | 4,0 
(810,6 or 813,6) 0,3 - | a | | 
868,5 p€i,56} 1442 859 1,17 2,85 
873.7 } 3,120, 08 131,56] 242 873 | 3,0£0,3 ) 1/25 344 
964,8 | 4, 60-40, 10 | 6142 | 964 | 2,53-+40,10 | 0,95 | 2,25 
9966 1,07-40,03 0,985 2,35 
1003,4 | 1734 | 242 | 1003 | os 7 0,965 | 273 
1086,6 | 3,01-£0,06 | 5047 | 1086 | 2,0+0,3 | 0,76 ce 1,75 
4112,7 | 3,13-0,08 6347 | 1111 | 1,740,2 | > 


1272,6(or 1276 0] 0,75-0,03 | 3543 1280 0,72-+0,07 | 0,62* 4,3* 
Ses ieee se 
ee ee ee ree ee ee | mere ne ee ee 
1409,4 | 1,39-+0,02 | 100 | 1444 | 0,47 | 0,475 | 4,05 


*Normalized to Z = 62. 
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Fig.7. Decay scheme for long-lived Eul5? and Eul54, 


and 1740 kev. Where the first four levels are concerned, this does not con- 
flict with the level diagram proposed by us in Ref.3, wherein we indicated 
levels at 123.02, 371.06, 996.6 and 1128.6 kev. The data of the present in- 
vestigation are not adequate to substantiate the existence of levels at 1140 
and 1740 kev. The precise energy values of the y-transitions indicate, how- 
ever, that the combination of cross-over and cascade transitions proposed by 
Stephens for de-excitation of the 1740 kev level is erroneous. The same ob- 
servation may be made regarding the 1121 kev state introduced by Nathan & 
Waggoner in the level diagram for Sml52, [It is, in fact, questionable whether 
this level actually exists. 

The parts of the level diagrams that may be regarded as reasonably cer- 
tain are shown in Fig.7. The spins of 13-year Eul52 and (16-year) Eul54 have 
been determined by the method of paramagnetic resonance by Manenkov et all7 
and Kedzie et al18, respectively. The energies of the B--groups shown in the 
figure have been taken from the work of Nathan & Waggonerl6, The quantum 
characteristics K, I and x (parity) were determined on the basis of the data 
listed in Tables 1, 2 & 3. From the given quantum characteristics of the 
ground states of EulS2 and Sm152 , one may expect the K capture branch to the 
ground state of Sml52 to be very weak or nonexistent (see also Gdl52 and Gal54),, 
In this case the ratio of the sum of the intensities of the 121.77 and 1086.6 
kev y-transitions to the intensity of the 344.32 kev transition equals the 
ratio of the K + L capture branch to the B™-decay branch. The intensity of L 
capture is Sml52* (possibly a minor fraction may be attributable to Sm!54) was 
evaluated on the basis of the empirical curve of Grayl9 for the fluorescence 
yield as a function of Z and the relative intensities of the Auger electron 

*The sum of the intensities of the 444.23 and 1409.4 kev transitions ac- 
cording to the data of Table 1 and the theoretical K conversion coefficients 
amounts to 34% of the total intensity of the 121.77 and 1086.6 kev transitions. 


Note added in proof: Bhattacheriee & Raman20 recently published a report on 
their investigation of the activities of Eul52 and Eul54, It is impossible 


: 
| 
on the basis of the new data appearing in this reference to refine or amplify — 
the decay schemes shown in Fig. 7. ] 
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and K conversion lines for isotopes with Z = 62. 
The decay schemes as shown in Fig.7 do not include a certain number 
of y-transitions, some of which are known to have an appreciable intensity. 
The authors wish to express their gratitude to V.M.Kel'man for his at- 


tention to the work and valuable suggestions made in the course of discussing 
the results. 


Leningrad Physico-Technical Institute, 
Academy of Sciences of the USSR 
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ON THE DECAY SCHEME OF Lut71 
- K.Ia.Gromov, B.S.Dzhelepov, A.G.Dmitriev & B. K. Preobrazhenskii 


r investigation of neutron-deficient isotopes of lutetium 
ere described in Refs.1 & 2. In the conver- 
topes we detected lines whose intensity fell 
off with a period of about 7 days. These lines could be attributed to two lu- 
tetium isotopes, namely, Lu?! and Lul72, whose periods are 8.5 and 6.7 days, 
respectively. Under the circumstances it was impossible to determine to which 
of these lutetium isotopes the observed lines belonged. 

We have now investigated the electron conversion spectrum of a lutetium 
sample isolated from hafnium formed in the spallation reaction on tantalum. The 
investigation was carried out on a Ketron type magnetic B-spectrometer under 
the same conditions as obtained in the work of Ref.2. Some 12 hours after 2- 
hour proton bombardment of the tantalum the hafnium formed in the reaction 
was separated from the rare earth elements. Three days after this the daughter 
lutetium was isolated from the hafnium. The following lutetium isotopes can 
form from hafnium: 2-day Lut79, 8.5-day Lul?7l, 6.7-day Lul72, 200-500-day Lul73 
and the Lut’> isomers. The corresponding hafnium isotopes have the following 
periods: Hf17° - 112 min, Hf171 - 16 hours, Hfl172 - 5 years, Hf173 - 28 hours, 
and Hf175 - 70 days. 

Investigating the lutetium samples separated from hafnium, we observed a 
number of conversion lines whose intensity fell off with a period of 7-8 days. 
Taking into account the genetic relationships between lutetium and hafnium, 
one can unambiguously attribute these conversion lines to Lul71, The experi- 
mental results obtained in the present investigation are juxtaposed with the 
pertinent results of the work of Ref.2 (investigations of the radiations from 
neutron deficient lutetium isotope with a period of ~7 days) in the accompany- 
ing table. 

The lutetium sample separated from hafnium was appreciably weaker than 
the samples isolated directly from tantalum. Hence in the spectrum of the 
present lutetium sample we observed only the more intense or favorably located 
conversion lines from among those previously detected. We can now assert that 
the 75.8 and 90.6 y-transitions and the earlier unidentified Ee = 56.6, 57.9 
and 62.3 kev conversion lines observed in the spectrum of the lutetigis senonee 
separated from hafnium belong to lutetium 171. One cannot, however, say any- 
thing definite regarding the other lines; i.e., the conversion Hates observed 
in the earlier investigation, but not detected in the present one, may belon 
to either Lul7l or to Lul72,. In the last columns of the ecconpaneane table : 
we list the identifications and possible multipolarities of the associated 
7-transitions as determined on the basis of the results of Ref.2. 

One can draw certain deductions regarding the decay scheme of Lut?! on 
the basis of the data obtained. The spin of the ground state of Ybl71 has 
been measured by Mack? and is 1/2. The Lut?! nucleus has 71 proto 
neutrons; consequently* its spin pte 
Mi a che y p must be the same as that of Lul75 (71 protons 
: rons), i.e., 7/2. Thus we obtain a scheme very similar to that 
ae op eerie ahd a of Yb169 (spin 7/2) to Tm169 (spin 1/2). Hence there 
eeleou (nee, Heer erg scheme of Lul?72 will be similar to that of 

The level diagram of the lo 
constructed by analogy with the decay (acheaenee ReRLOUE ei seuibiohere 
reed csp are fully consistent with this diagram. _ The -tol lowing cer 2eiag 

- According to the diagram the 75.6 kev TS 
Lhe Tact heen sare on must be E2. It has 
blished experimentally that this transition is of the E2 type.. 


The results of ou 
formed by spallation of tantalum w 
gion electron spectra of these iso 


EH RENAN 
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Table 


Sor ieaeee of the results of the present investigation of the conversion 
electron spectrum of lutetium separated from the hafnium fraction 
with the results of Ref.2. 


Electron energy, kev BANS 
sree tee Transition 
Ref. 9 Retro HE COLL EPeauron type 
14 ,9+-0,4 _- K-75,8 E2 
212220525 * 
24,3-40,2 
26,2+0,25 
29,3+0,2 = K-90,6 E2 or M2+ £3 
30,2+0,25 = 
40,2-+0,25 = 
42,41+0,25 a 
45,3-40,2 = 
48,0+0,3 — 
49,6+0,3 2% 
53,4+0,3 = 
56,6+40,15 56,6+0,2 
58,1-+0,4 57,9-40,2 
ao 62,3--0,2 
] aie rs) \ (Ly 4p Ly y)-75,8 
67,3+40,3 | BG, 0250)2 lige SO 
69,040, 2 = 
70,2+0,3 
74,2+0,2 7440.2 M-75,8 
80,9-+0,3 81,6-40,4 L-90,6 
88,5-40,4 = 
120,4+0,3 - K-181,7 E2, M3 M1 + H2 
171,9-£0,4 = EAStaT \ E2 + M3 
209,9+1,0 = 
752274-4.5 = 
846 ,6+1,5 — K-906,9 
903,1+2,0 = K-964,1 
2. The 90.6 kev transition must be E2. Ac- 
cording to the experimental data this transition 
Ww” is either E2 or M2 + E3. 
m* 3. The energy of the levels of rotational 
‘A band with ground state spin 1/2 is characterized 
yon by 
La 


102,3( Ne; 7/2} 


|__ i 758 [y2; 62 | 


ag 
et 13 (12; 42] 


mao este | 
Y6 
Rotational levels of Lul71, 
y-transition energies - 
experimental. Level ener- 
gies calculated on the basis 
of known energies of the 
90.6 and 75.8 kev 7-trans- 
itions. 


E= A[I(I4+4)-+a(—1)'8(7 + 1/,)) + Ey. 


We calculated the parameters A and a, using 
the known transition energy values 90.6 and 75.8 
kev. We obtained A = 8.32 kev and a = -0.546. 
Then, using these values, we calculated the ener- 
gy of the other transitions in the rotational 
band. For the energy of the transition from the 
(1/2; 5/27) to the (1/2; 3/27) level we obtained 
64.4 kev. On the basis of this value one can 
identify the 56.6, 57.9 and 62.3 kev electron 
lines as the (Ly + Lyy)» Lyrr and M line associ- 
ated with the 65-66 kev y-transition. The com- 
puted value for the transition from the (1/2; 
7/2-) level to the (1/2; 5/27) level was 26.5 kev. 
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24.3 and 26.2 kev electron lines as 


Using this value one can identify the 
The experimental value for the energy 


the M and N lines of this transition. ; 
of this transition consistent with this identification is 26.7 + 0.5 kev. 


The calculated value of the transition energy from the (1/2; 3/2-) level to 
the (1/2; 1/2-) level is 11.3 kev. It was difficult to observe the electrons 
associated with this transition in our experiments because they are close in 
energy to the L Auger electrons and because our instrument is not adapted to 
measurements in this low energy region. 
In considering the complete decay scheme of Lul7l one should bear in 
mind that K capture of Lul71 to the levels of the lower rotational band of 
yb!71 is forbidden with respect to the quantum number K. Thus disintegration 
of Lul71 goes apparently primarily to the higher excited states with K> 1/2 
and it is highly probable that all or part of the y-transitions and unidenti- 
fied conversion lines associated with the base rotational band of Ybl71 appear 
incident to the de-excitation of these excited states. 
Conversion lines corresponding to hy = 11.3 (M shell) and 26.6 kev (L, 
M and N shells) were observed in the spectrum of Lul71 by I.M.Rogachev (Lenin- 
grad State University) by means of a lens spectrometer with a very thin counter 
window. The M-11.3 line is poorly discernible since it is located close to 
the L-MM and L-NN Auger electron lines. 


"V,.G.Khlopin"” Radium Institute, 
Academy of Sciences of the USSR 
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O+ —» 0+ TRANSITION IN zr90 
- T.Yuasa, J.Laberrigue-Frolow & L.Feuvrais 


It is known that 0+ —» 0+ transitions can occur by emission of internal 
conversion electrons, pair formation or emission of several photons or a con- 
tinuous photon spectrum.1-7 This effect has been investigated in rare cases: 
016 (6.04 Mev), RaC' (1.42 Mev), Ge?72™ (0.72 Mev), Be® (17 Mev) and Ca?° (3,35 
Mev). 

Until recently the disintegration of Y90 has been regarded as a pure B- 
decay (AI = 2, yes) 8-10, 

Some authors in investigating the decay of y20 detected the presence of 
high energy photons!l, othersl2-14 report observing a positron spectrum and 
internal conversion lines which possibly correspond to a 0+ —> 0+ transition 
in zr99, 

We thought it would be of interest to determine whether the 0+ —» 0+ trans- 
ition does occur in zr90 , inasmuch as cases in which this transition does occur 
are comparatively rare. A further purpose of our work was to search for 7- 
quanta, particularly in the 1.7 Mev regionl5, and internal conversion electrons 
(Ref.15) and positrons (Ref.16) corresponding to this y-ray energy. 

For such work it is important to have a very pure source with a high speci- 
fic activity. We had available a source with a specific activity of up to 15 
mc/mg prepared from y90 in equilibrium with sr90 by Bonnin by ion exchange 
chromatography.17 The purity of the source was Cgy/Cy < 10-7. 

We investigated the y-radiation accompanying the decay of y20 by means of 
a scintillation y-spectrometer with a NaI(T1l) crystal and a 50 channel pulse 
height analyzer. 

The spectrum obtained (Fig.1) shows that above the internal and external 

brehmsstralung limit 


there are no observable 
y-rays (the B-particles 
710° were absorbed by a 
centimeter thick layer 
of plexiglass). It may 
be concluded that the 
z 200} intensity of the 1.74 
Mev y-transition, if it 
exists, is less than 
4.3-10-6 relative to 
1 . 1000 Wy) the intensity of the B- 
particles. The intens- 
| ity of the 1.4 Mev 7- 
rays does not exceed 
a 3-10-75 relative to the 


Ev intensity of the B- 
Fig.1. y-Radiation from Y®®. particles. * 


*Subsequent to this communication we carried out further measurements by 
means of a large (3.4 x 5.08 cm) NaI(T1) crystal and a single-channel analyzer. 
Thus we were able to detect annihilation y-radiation, the intensity of which 
proved to be in agreement with the intensity of the internal pair of positrons 
observed by means of a B-spectrograph. The full results of our investigations 
of the decay of y20 will be published in the Journal de Physique et de Radium. 
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We investigated the decay of y90 by means 
NI of a B-spectrometer with a thick magnetic lens. 
600 (Ref.15-16). The source was 3 mm in diameter , 
had a superficial density of 0.3 pug/cm*and was 
appled to a backing having a thickness of 20 
yg/oem. The resolution was 0.9%. The counter 
was a 90 ug/em? formvar window. 
The investigated B-spectrum according to 


\ the Fermi theory corresponds to a AI = 2 trans-. 
AR it ion ° 
500 \ We carried out a very detailed investiga- 


tion of the spectrum in the energy region from 
1.4 to 1.75 Mev: four series of measurements 
were made, during which at least 10° counts for’ 
each point were recorded. These measurements 
prove the existence of two weak peaks having 

an intensity of (1.6 + 0.3)-10-4 electrons per 
disintegration in the region between 1.7 and 


= 
S §8 
jae eas 


100 4 17 TA 1.756 Mev (Fig.2). These peaks are associated 
with internal conversion of the 1.74 Mev trans- 
Fig.2. Internal conversion ition on the K and L + M shells. The indi- 
electrons associated with cated energy value agrees with the results of 
the 1.74 Mev 0+ — 0+ trans- Johnson et all3, The intensity in our case 
ition in zr90 is somewhat higher than the value given by 


these investigators, but taking into account the 
possible experimental errors involved the agree- 
ment may be considered satisfactory. 

The 0+ —» 0+ transition of 1.74 Mev energy 
can also give rise to internal pair production. 
There are, however, certain divergences between 
the experimental results pertaining to the in- 
tensity of the positron spectrum. The very low 
intensity of this spectrum makes it difficult to 
investigate it on a magnetic lens spectrometer 
owing to B-particle scattering. 

By appropriate modification of the helical 
slit assemblies (Fig.3), we succeeded in reduc- 
ing the scattered electron background to 1.5-1076 
of the total number of electrons. 

¥; ca : In these experiments we utilized a y20 
Fig.3. Modified helical source with a total activity of 4 mc and a speci- 


BS ISS a Re ee hate 


slit assembly. fic activity of 5 mc/mg, applied to a 30 mg/em2 
foil. 


In the positron field we observed a small peak with an upper bound of 
720 + 10 kev, rising above the general background (Fig.4). This peak was ob- 
served with two different sources in three series of individual measurements 
for each source. 

The scattered electron background was evaluated by using an Ir!94 source, 
the end-point energy of whose B-spectrum is 2.2 Mev, i.e., is approximately 
equal to the end-point energy of the Y90 B-spectrum. These experiments en- 
abled us to determine (by subtraction) the positron spectrum, the shape of 
which is in good agreement with the theoretical shape predicted by Thomas18 
and calculated by Greenberg & Deutschl2 and ourselves. We obtained the ratio 
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Net/Ng- = (5.4 + 0.8)°107°. 


This value together with our preceding result yields 
the ratio of the total number of conversion electrons 
to the number of positrons: 


This ratio is in good agreement with the value 
of 3 following from the theory of Thomas18 and the 
results of Church & Weneserl9 on internal conversion 
on different shells; this indicates that the given 
transition is EO - electric-monopole.19 In the re- 
port referred to, Church & Weneser also calculate 
the EO transition 
probability W taking 
into account finite 
nuclear size. Using 
0 to denote the “nu- 
clear strength" para- 
meter, their calcula- 
tions yield for our 
case 


10 


720+ 10 kev 


. 
. 
eo? 
. 


W 
= = 2.5-109 sec7! 


phases? 

; @ Hick Taking into ac- 
Fig.4. Internal pair production positron spectrum: a) count the already 
experimental curve, b) curve obtained by means of Irl94, known value of the 
c) theoretical e+ spectrum (@) and difference between ratio Neony/Net, we 
curves a and c (0). find 


Weonv + ® = 3,3°109 sec}. 
p? ‘ 

Together with the result of Deutsch29, namely, Weony_+ 2 = 0.12°10 sect, 
our results allow of determining the value of 02, isen,; 02 = 0.036. This is 
of the same order of magnitude as the values of 92 for 0+ — 0+ transitions in 
other nuclei. 5 : 

On the other hand, Zyrianova & Krutov 1 calculated the probability of in- 
ternal pair production in the 0+ — 0+ transition taking into EY oe 
nuclear size. Interpolation of their results yields Wn/p7 fs 1.0°10% sec™+ for 


our case. ss on 
Taking into account the results of Church & Weneser for Weony/p*, we fin 


= eee 
Wn theo 


This value is of the same order of magnitude as the theoretical value 
redicted by Thomas and calculated by us. 
: The eeecen.2 of a first excited state with 0+ in gr90 inferred by Ford!4 
can be explained by excitation of two particles in the unfilled Relat shells. 
This is not inconsistent with the deductions of Scharff-Goldhaber that the 
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first excited state in nuclei with magic numbers of protons and neutrons are 


04 states inasmuch as Z = 40 can be regarded as a "quasimagic number”. 

In view of the perplexing fact reported by Nock23 and Lazar & O'Kelly24 
that there is a y-transition having an energy less than 1.75 Mev in zr90 
formed in the decay of Nb20, we consider it important, on the one hand, to 
check again for the presence of these y-rays* and, on the other hand, to ex- 
amine theoretically the possible origin of this excited 0+ level. Possibly 
a certain role is played in the structure of this 0+ level by collective ex- 
citations which correspond to radial oscillations of nuclear matter just as 
apparently occurs in a more overt manner25 in 016, 


Laboratoire de physique et chimie nucléaires, 
Collége de France, Paris and 
Laboratoire de synthése atomique, Ivry, France 
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*Note added proof; We have just learned (private communication) of the 
investigation of Sheling (Copenhagen) of the level diagram of zr20 in the de- 
cay of Nb99, His results are in conflict with those of Refs.23 & 24 and indi-| 
cate that the 1.75 Mev 0+ level is the first excited level of zr90. : 
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GAMMA-HODOSCOPE 
- B.S. Dzhelepov 


In constructing the decay schemes of radioactive isotopes it is important 
to be able to measure the energy and intensity of hard but weak y-rays. The 
usual methods of y-spectrometry, however, prove to be inadequate if the rela- 
tive intensity of the y-rays is less than 10-5 photons per decay. 

In 1951 the author proposed a method by means of which the sensitivity 
of y-ray measurements could be enhanced. The proposed instrument has come to 
be called a gamma-hodoscope. A gamma-hodoscope was constructed and partially 
tested at Leningrad State University by 0.V.Chubinskii.1 


Principle of operation of the gamma-hodoscope 


The investigated y-rays fall on a thin cellophane target and eject re- 
coil electrons. These electrons move along helical trajectories in a suitable 
homogeneous magnetic field. Along their path the electrons pass through three 
arrays of Geiger counters (Fig.1). Each array consists of many counters; each 

counter is connected to an amplifier 

and neon bulb. The bulbs are arranged 

on a suitable display panel and when- 

ever there occurs a triple coincidence 

yy among the counter arrays, the display 
: panel is photographed. From the photo- 
graph one can readily tell which count- 
Y ers in each array were triggered. From 
=e =a the three counter points one can read- 


mn yy MH; ‘aly establish the circle that forms 
Yy py the projection of the helical path 
Cha on a plane perpendicular to the mag- 
Fig.1. Principle of operation of netic field. Knowing the magnetic 
the gamma-hodoscope. field one can find Hp and, consequent- 
ly, the projection of the electron 
velocity Upr on the plane perpendicu- 
lar to the magnetic field. If the 
height of the counters is small, the 
electrons will only be insignificantly 
deflected from this plane and for all 
practical purposes Upr will be equal 
to the actual electron velocity v. 
Thus we readily obtain the elec- 
tron energy. In addition we can find 
the point of intersection of the circu- 
lar trajectory with the target, i.e., 
Fig.2. Diagram for derivation of the point of origin of the recoil elec- 
the plane case equations. tron. Connecting this point with the 
point at which the source is located, 
we can find the narrow limits for the angle at which the electron is ejected 
and then, since its energy is known, we can determine the energy of the y-ray. 
This is the distinctive feature of the gamma-hodoscope as a spectrometer; 
for each triple coincidence one can determine the energy of the photon produc- 


ing it. 
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Equations for the plane case 
Basch! he bedhead as etc tat hes Se 


Let us situate the origin of our coordinates at the center of the instru- 
ment and designate the distances to the three triggered counters by a, b, and 
c (Fig.2). Then the radius of the circle passing through the counters is 


22 


the distance from the center to the point of ejection of electron is 


— 


e ac 
oo —— 


b % 
and the projection of the Compton recoil angle is 


9 = aretg 4—F — are tg =~ . 


where es and Z are the coordinates of the source. 
The energy hv,as defined by the values of @ and Hp,is given by 


hy \2 
yD 2 
eo Ae rat) mee = 1+—-5— (Hp? —1. 
hy am hy roa aoe 


2 2 
sie; ( sin’ ¢ 
myc? Moc? 


Optimum field for a given energy 


It is clear from what has been said above that the y-spectrum can be ob- 
tained with one value of the field H. The efficiency of the system, however, 
is not the same for different photon energy values. Roughly speaking, the 
efficiency will be highest for the values of hv for which the electrons ejected 
from the center point of the target pass through the middle counters of each 
array. Hence by adjusting the instrument for recording hard y-rays we can, set 
ting the appropriate high field value, "tune out" all the low energy photons. 


Technical difficulties 


The following difficulties are encountered in practical design of a gamma— 
hodoscope. 

1. The electrons must pass through three counters, i.e., must traverse 
five counter windows. There inevitably occurs multiple scattering in the win- 
dows and this leads to an error in determining hy, due to smearing out of the 
experimental line. There are two ways in which this error can be reduced: 
either one must maintain a high vacuum in the instrument and make the window 
films sufficiently thick to withstand the pressure in the counters or one can 
fill the instrument with helium to the counter pressure and make the window 
films very thin or even do away with them altogether. To judge from the ex- 
periments made along this line with the Ritron and Elotron one can hope to ob- 
tain better results by the former expedient, but it must be recalled that in 
the Elotron the slits are narrow whereas in the gamma-hodoscope the slits are 
wide and in this case the technical difficulties of preparing vacuum tight 
thin windows are appreciably aggravated. Hence in the hodoscope that will be 
described in the following report! the latter means were employed: the instru-— 
ment was filled with helium and windowless counters were used. This limits 
the range of application of the instrument; it is expedient to use it only 
for investigating y-rays of more than 1.5 Mev energy. 


eS 


2. A second source of error in determining hv is the finite size of the 
counters, Of course, it is advantageous to make them as narrow as possible, 
that is, to increase the number of counters in each row, but this calls for 
a corresponding increase in the number of amplifiers. 

In conclusion I would once more like to call attention to the potenti- 
alities of the gamma-hodoscope stemming from the fact that with it the energy 
of a y-ray is determined from each triple coincidence. Let us assume that 
where we have shown the source in Fig.1, we have, instead, a target being bom- 
barded by some particles and that we want to investigate the spectrum of the 
resultant y-rays. If we are working with a conventional scintillation or mag- 
netic spectrometer in which the spectrum is recorded section by section (i.e., 
a spectrometer not equipped with a multiple channel analyzer) we would have to 
follow carefully the intensity of the nuclear reaction while recording the spec- 
trum. In working with the gamma-hodoscope, in contrast, there is no necessity 
for doing this: even though the intensity of the nuclear reaction varies over 
a wide range, the gamma-hodoscope will still record the true y-spectrum. 
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THE GAMMA-HODOSCOPE AT THE SCIENTIFIC RESEARCH INSTITUTE OF PHYSICS 


OF LENINGRAD STATE UNIVERS ITY* 
- 0.V. Chubinskii 


In this report we shall describe a gamma-spectrometer of a new type - 
the gamma-hodoscope ~— constructed at a Scientific Research Institute of 
Physics of Leningrad State University at the suggestion of B.S.Dzhelepov. 
The principle ot operation of the hodoscope has been described in the pre- 
a on neces sed is intended primarily for investigation of high energy 
y-radiation having a very low intensity. 


1. Description of the Gamma-Hodoscope 
je Bese ee 
Chamber 


Fig.1 shows a section through 
the chamber of the instrument and the 
collimator (view from above). The 
chamber consists of a cylindrical 
housing (1) (inside diameter 340 mm) 
made of thick plexiglass, a brass 
bottom (2) and cover (20 mm and 10 
mm thick, respectively). The inside 
height of the chamber is 80 mm. The 
bottom of the instrument also serves 
as the base on which the other compo- 
nents are mounted. The cylindrical 
housing is accurately positioned and 
attached to the bottom by bolts. The 
edge of the cover enters into an angu- 
lar groove milled in the cylindrical 
housing. 

Three arrays of Geiger-Muller 
counters (3) are inserted into the 
chamber through appropriate openings 
in the housing. The three arrays or 
rows of 10 counters each and the tar- 
get are positioned along two mutually 
perpendicular axes passing through the 
center of the chamber. The counter 
assemblies are positioned by means of 
grooves milled in the bottom of the 
instrument. 

Airtight seals between the bottom 


of the instrument and the housing and 
Fig.1. Chamber and collimator of the at the lead terminals of the counters 


gamma-hodoscope: 1) cylindrical hous- are provided by rubber gaskets, while 
ing of plexiglass, 2) bottom and base the points of contact of the cover and 
of instrument, 3) counter arrays, 4) 9 ----------------------------- 


aluminum frame with target, 5) control *The present description of the : 
arm, 6) collimator, 7) entry window, gamma-hodoscope is based on reports : 
8) lead shielding plates, 9) central presented at conferences of the USSR | 
support, 10) aluminum baffles, 11) Academy of Sciences 1955 to 1957. 


counter terminals, 12) y-ray source. 
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counter assemblies with the housing are coated with "plastilene". 

The target, a celluloid film 150 yu thick, is mounted in an aluminum frame 
(4) which is connected with the control (5) by means of which the target can 
be inserted or withdrawn from the Y-ray beam without disturbing the vacuum. 

The y-ray beam defined by the collimator (6) enters the chamber through 
the window (7) covered with a plexiglass plate 8 mm thick. 

The lead shielding plate (8), the central support (9) of brass and eight 
aluminum baffles (10) are mounted on the bottom of the instrument. The baffles 


serve to stop stray electrons. The bottom and cover of the instrument as well 
as the lead plate are lined with plexiglass. 


Collimator 


The y-ray source (12) is mounted outside the instrument in a lead colli- 
mator (6) which defines the divergent beam of rectangular cross section. 

In the initial version of the instrument the source was placed at a dis- 
tance of 654 mm from the target, the length of the collimator was 400 mm, the 
entry window measured 8 x 8 mm and the working spot on the target had an area 
of 80 x 35 mn. 

In 1955 the design of the collimator was modified: the target to source 
distance was decreased to 554 mm and the length of the collimator to 300 mn, 
while the dimensions of the entry aperture were changed to 14 x 8 mm. Under 
these conditions the effective area of the spot on the target as determined 
by photography is 72 x 33 mm and the solid angle of the collimator equals 0.06% 
of 4x. The axis of the collimator passes at a distance of 109 mm from the 
center of the instrument and is normal to the plane of the target. 

The collimator and lead plates provide good shielding of the counters 
from direct y-rays. The first row of counters, however, is heavily loaded due 
to the passage of scattered electrons and photons. 


Counters 


The counters are an important component of the gamma-hodoscope and deter- 
mine its spectroscopic qualities to a significant degree. ¢ 

Prior to 1955 cylindrical counters 8 mm in diameter were used in the in- 
strument. The cathode of each counter consisted of a brass case and a cello- 
phane film 17 yw thick coated with a thin layer of bismuth. The effective area 
of the counter windows was 7.2 x 50 mm, These cylindrical counter assemblies 
were used to study the operating characteristics of the gamma-hodoscope and 
were employed in investigating the hard y-radiation from Sb124 and Na24. These 
experiments showed that the background from electrons scattered in the counter 
walls greatly hampers measurement of very low intensity y-rays. This point 
will be discussed in more detail below. In order to reduce the probability of 
recoil electron scattering in the counter walls,the writer suggested using 
rectangular section counters with open windows, i.e., counters without window 
films. The design of such counters was developed by the writer in collabora- 
tion with Iu.N.Podkopaev. A rectangular counter of this type and a schematic 
view of an array of ten such counters are shown in Fig.2. 

The cathode of a rectangular counter is formed by two parallel brass 
strips 6 mm wide and 0.5 mm thick. The separation between the strips is 6 mn. 
The anode is made of tungsten wire 0.057 mm in diameter. The windows measure 
6 x 50 mm. The windows of the counters of the second array are narrowed on 


both sides by slit strips to 4 mm. 
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Fig.2. a) Rectangular counter, b) counter array consisting of ten 
rectangular counters. One rectangular brass strip serves as a com 
mon side wall for two neighboring counters. 


Each counter unit (Fig.2,b) consists of an assembled frame of plexiglass 
in which the array of ten counters is clamped. The upper and lower members 
of the plexiglass frames have grooves for receiving the carefully shielded 
leads from the external terminals to the individual anodes of the counters. 

The arrays are set in the instrument so that the center of the fifth 
counter* is 109 mm from the center of the instrument. The complete set of 
counters defines an electron beam 64.5 mm wide (from p = 80 mm to 9 = 144.5 mm). 

The high voltage for the cathodes is supplied from a single source (dry- 
cell B-battery) with individual controls for each array. A small positive 
bias is applied to the anode of each counter; this is individually adjusted by 
means of potentiometers so that all counters will operate under the same con- 
ditions (see Fig.4). The operation of the counters is monitored by means of 
an oscilloscope. 

The entire volume of the instrument (chamber and counters) is filled with 
a gas mixture of helium - 26 cm Hg - and methane - 4 cm Hg. With this gas 
mixture the threshold voltage is ~1100 v, the length of the plateau is 70 v 
with a slope of 3% per 10 v; the rated efficiency of the counters for relativ- 
istic electrons is ~79%; the pulse amplitude is 0.3-0.4 v. The efficiency of 
three counters connected in coincidence is ~49%. The coincidence background 
in the absence of a y-ray source is 3-5 pulses/min. The operation of these 
rectangular counters is very stable at loads of several thousand pulses per 


minute. The gas mixture in the instrument should be changed two or three 
times a year. 


Associated electronic equipment 


The electronic equipment used in conjunction with the gamma-hodoscope 
fulfills the following functions. 


1. Discriminates the triple coincidences among the counters of the three 
arrays. 


2. Indicates the counters through which the recoil electron producing 
the triple coincidence passes. 


*Here and below counter numbers are reckoned going out from the center | 
of the instrument. | 
| 
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Accordingly, the electronic equip- 
ment consists of two principal parts: a 
triple coincidence amplifier and a re- 
cording-indicating device. The block 
diagram of the installation is shown in 
Fig.3; in principle it is similar to 
that described in Ref.2. 

The triple coincidence amplifier 
assembly consists of three collector 
units (2) three associated amplifiers 
(4) a coincidence discriminator (5) and 
two control units (6) and (7). 

The recording arrangement consists 
of three rows of neon cells (one cell 
for each counter), a display panel carry- 
ing the neon bulbs, a mechanical register 


Fig.3. Block diagram of electronic (8), a delay unit (9) and a mechanism 
equipment: 1) counters, 2) collector (10) advancing the motion picture film 
unit, 3) neon cells, 4) collector on which the flashing of the neon tubes 
unit amplifier, 5) unit discriminat- is recorded. 
ing triple coincidences, 6) neon cell The pulses from the counters are 
control unit, 7) unit controlling fed by individual coaxial cables to the 
mechanical register and motion pic- corresponding neon cells (Fig.4). A 
ture film advance, 8) mechanical pulse Vc arriving at the resistance R, 
register, 9) delay unit, 10) mechan- is applied to the input of the collector 
ism advancing motion picture filn. amplifier. Only the pulses from the one 
corresponding 


counter are applied 
to the input of a 
given neon cell, 
while the pulses 
from all the count- 
ers of a given ar- 
ray go to the in- 
put of the collect- 
or amplifier as- 
sociated with the 
given array. 

Each neon cell 
(3) consists of a 
two-stage amplifier 
with an Mn-5 neon 


Fig.4. Collector unit. R = 10 megohm; Cy = 3000 ppt; bulb coupled to 
Ry = 1 megohm; Re = 100 kilohm; Gre L500 Hue ely i its output. 

first neon cell tube 6Zh7 (= 6J7); T, - first collector The collector 
amplifier tube 6Zh4 (= 6AC7). Vy - amplitude of pulse amplifiers (4) are 
applied to control grid of Ty; Voc amplitude of pulse two-stage ampli- 
arriving at control grid of tube Tc. Vo > 0.1 Vy- fiers designed 


about 6Zh4 (= 6AC7) 
tubes. The pulses from the collector amplifier are applied to the Rossi triple 
coincidence circuit (5). The resolving time of the coincidence amplifier is 
~10-6 sec. 
The triple coincidence pulses are applied to the two control units. One 
of them (6) shapes a high level positive pulse which is applied to the inputs 
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n this pulse coincides with a pulse from the cor- 
responding counter the given neon bulb lights up- The resolving time of the 
neon cells is ~5°1074 sec. Thus, with each triple coincidence three neon 
pulbs light up. The bulbs are mounted in three rows of ten bulbs each on ae 4 
display panel. A camera suspended over the display panel photographs the ash- 
ing bulbs on motion picture film. 

The control unit (7) shapes the pulses applied to the mechanical counter 
(8) and the delay unit (9). This delay unit is an assembly consisting of a 
relay and appropriate capacitors and resistors; it serves to actuate the film 
advance mechanism (10) 0.1 sec after the instant of a triple coincidence. 

After development of the film the photographs are interpreted by means 
of a very simple apparatus. The interpretation consists in determining the 
numbers of the counters triggered by a given recoil electron. 


of all the neon cells. Whe 


Magnet 


The requisite magnetic field is produced by an SP-9 electromagnet. Speci-- 
al pole pieces measuring 460 x 500 mm were designed for the magnet in order to 
insure a uniform field over the entire region of the recoil electron beam. The: 
gap between the pole pieces is 116 mm. The pole pieces are parallel to within 
+0.05 mm. 

The field topography was measured by K.A.Baskova by means of an exploring 
coil connected to a sensitive galvanometer. Deviation of the field from the 
mean value over the entire region of the recoil electron trajectories was 
found to be less than 0.5%. 

The absolute intensity of the magnetic field as a function of the current 
through the magnet windings was measured by V.S.Sadkovskii by the proton reson-- 
ance technique. The error in determining the field intensity depended primari-: 
ly on the error of measuring the resonance frequency by means of a wavemeter 
and did not exceed 0.05%. 

The effective hysteresis loop was plotted on the basis of 33 experimental 
points from 0 to 13 amp and 18 points from 13 to 0 amp. This is the plot we 
now use for finding H from the indications of the ammeter connected to the 
magnet winding. After several O0—>+13—+0 amp cycles, the correspondence between 
the field intensity and the current strength is fully reproducable to within 
+0.05%. 

In measuring the field distribution the magnet was supplied from storage 
batteries. In measuring the y-spectra the magnet is supplied from a special 
de generator. The magnet current is controlled and monitored by means of a 
PPTV-1 potentiometer and an M91/A galvanometer. The current is maintained 
constant within +0.1 amp. Current values from 1.5 to 6 amp are commonly em- 
ployed in operating the instrument. 


2. Processing of the Experimental Data 


Each series of measurements with the gamma-hodoscope is carried out with 
a constant value of the magnetic field. As a result, there is obtained a cer- 
tain number of frames, i.e., photographs of the lit-up neon bulbs. The number 
of frames per experiment varies from only a few to several thousand depending 
on the specific problem and the experimental conditions involved. The energy 
of the corresponding primary y-ray is determined from each frame, i.e., for 
each recorded recoil electron. To find this energy one must determine the 
energy Ee or the momentum Hp of the electron and the Compton angle @, then 


LOT? = 


EF, + cos VE 4- 2moc? EF, 
ja, E, (1) 
(2 ae a 


We cannot determine the true 
of the triggered counters; we can 


hy = 


trajectory of the electron from the numbers 
only determine with a certain uncertainty 
the projection of this trajectory on a plane perpendicular to the magnetic 
field. For purposes of calculation we assume that for each combination of 
three counters we have a single circle passing through the centers of the 
three counters, i.e., the so-called central trajectory. The parameters of 
the central trajectory, including p and , are determined from the known co- 
ordinates of the centers of the three counters (a, b,c) and the source (é,L) 


by solving the usual equation for a circle. The coordinates of the center 
of the circle are given by 


hy = 5. {ac— 6°), (2) 
al CO —— iG. 


Tey = 9) , (3) 


the coordinate of the point on the target where the recoil electron originated 
is given by 


Pan a (4) 
then the trajectory parameters are defined by 
0 =1/, Ve LE+E, (5) 


—E—& 
toes (6) 


o— arcts ——— — arct 
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Since there are ten counters in each row, we have in all 1000 possible 
combinations of three counters and consequently 1000 possible central traject- 
ories. Tables have been computed according to Eqs.(2)-(6) for all the combi- 
nations. Counter combinations corresponding to trajectories that pass more 
than 4 mm outside the boundary of the working spot on the target are regarded 
as "nonoperative and in plotting the y-spectrum the photographic frames con~ 
taining such combinations are disregarded. There are 238 such nonoperative 
‘combinations. 

In processing a film strip a table is made out showing the numbers of 
the triggered counters and the tabular values of the central trajectory para- 

Ey = hy». 

Bet ore tains ee Ey is found by interpolation of the curves for = f @) 
(Fig.5) constructed according to Eq.(1) for different values of Ho in steps 
of 150 gauss cm. The accuracy of interpolation is +5 kev. Thus we obtain a 
set of values for Ey which can be used for plotting the experimental y-ray 
spectrum, i.e., the variation of the number of frames within a given spectral 
interval AEy with E,. With the given method of plotting the; magn tude of cele, 
is ~3% of Ey. The smooth curve drawn through the plotted points is the experi- 

i Fig.6). ow 
a, ieee - triple coincidences is produced by electrons ean 
ating not in the target put in the gas filling the instrument and in oe wa he 
and other parts of the instrument. To determine this background for - pao 
pose of subtracting it from the experimental lines, measurements are made Ww 
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Fig.5. Variation of Ey as a Fig.6. Experimental y-lines obtained with H/Hp = 
function of » for different = 1: a) 1.118 Mev line of zn®5, H = 405 oersted, 
values of Hp. b) 1.368 Mev line of Na24, H = 487 oersted, c) 


1.520 Mev line of K42, H = 525 oersted, d) 2.754 
Mev of Na24, H = 917 oersted. 


the target withdrawn from the y-ray beam. The results of the background 
measurements are processed in the same manner as those of measurements with 
the target in place. In this case, too, the frames in which "nonoperative" 
combinations appear are also discarded in plotting the background spectrum. 

Below all the experimental y-lines are shown with the background already 
subtracted. 


3. Some characteristics of the Gamma-Hodoscope 


At a given value of the field H the gamma-hodoscope records a certain in- 
terval of the 7-ray spectrum whose width depends on the geometry of the instru- 
ment (the position and size of the working spot on the target, the angle sub- 
tended by the counters, etc.) and on H. For example, with H = 600 oersted the 
recorded y-energy interval extends from ~1.2 Mev to~2.4 Mev, while with H = 
= 1200 it extends from ~2.7 Mev to~5.2 Mev. 

At the same time, y-rays of a given energy can be recorded by the hodo- 
scope at different values of H. By way of illustration in Fig.7 we show the 
dependence of the counting rate for the 2.75 Mev y-rays of Na24 on the field 
strength H. It will be seen that the hard Na24 y-line can be measured at all 
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Fig.7. Variation of the counting 
rate for the 2.7 Mev Na24 y-line 
with the field strength: 1) count- 
ing rate Ny when the 7-rays are in- 
cident on the target, 2) counting 
rate Np when the target is with- 
drawn from the beam, 3) experimental 
curve with the background subtracted, 
i.e., Ne - Npj- The open circles 
indicate the calculated relative 
probability of recording 7-rays of 
2.75 Mev energy. 
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Fig.8. Calibration of the 
in energy with H/Hp = 1. 
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line; E, 
the y-ray energy- 


gamma-hodoscope 
Ee - value cor- 


responding to the peak of the experimental 
- most accurately known value of 


field values from ~650 to ~1230 and that 
the probability of recordings strongly 
depends on H and attains a maximum at 

H = 800-900 oersted. The shape of the 
spectral line also depends on H. 

We can characterize the measuring 
conditions by the ratio H/H,, where H 
is the magnetic field at which the 
measurements are made and H, is the mag- 
netic field at which an electron ejected 
by a photon of the given energy from the 
central point of the target (€ = 109 Mev) 
directly forward (p = 0) will follow a 
circle of.radius of 9 = 109 Mev, i.e., 
will pass through the centers of the fifth 
counters in each array. Obviously for 
the given y-line, the field H, is close 
to the optimum one at which the proba- 
bility of recording is highest. 

In investigating low intensity hard 
y-radiation we may encounter the follow- 
ing cases: 

1) The case when there are no softer 
lines close to the investigated y-line; 
in this case it is expedient to carry out 
measurements with H > Ho, utilizing the 
maximum effectiveness (“transmission”) 
of the hodoscope. 

2) The case when there is a rela- 
tively intense softer y-line near the 
investigated y-line; in this case in 
order to be able to observe the relative- 
ly weak hard y-line in "pure" form, one 
must carry out the measurements with 
H > Hy, at some sacrifice of detecting 
efficiency. Hence in order to 
be able to choose the best condi- 
tions for measurement and analy- 
sis of the experimental results 
one must know how the spectral 
characteristics of the instrument 
depend on the energy of the y-rays 
at a given H/Hg ratio or on H/Hp 
with a given hy value. Let us ex- 
amine the dependence of the ex- 
perimental line shape on hy at 
H +H,- The lines in this case 
(see Fig.6) are not quite sym- 
metrical: the slope of the con- 
tour on the high energy side is 
somewhat steeper than on the low 
energy side and the lines have an 
appreciable tail on both sides. 


- 1580 - 


The energy of the 7y-rays 
is determined from the maximum 
of the experimental line, the 
position of which can be found 
with an accuracy of 1-3% of hy. 
Fig.8 shows the variation of Ee/Ep, 
with the y-ray energy; here E, is 
the energy corresponding to the 
peak of the experimental curve and! 
E,. is the most precise value of 
hy from the literature. The great: 


/ est difference between Ee and Ep 
y does not exceed the error in deter: 
4d mining the position of the peak 
6 of the experimental curve. 
é hy The variation of the relative: 
AS REE PRE TIS IR 1 ELY line width at half-height with 
Fig.9. Variation of the relative half-width y-ray energy is shown in Fig.9. 
of the experimental line with the y-ray Above ~1.7 Mev the experimental 
energy (H/Ho = 1): - rectangular count- line half-width changes little 
ers, X &O - cylindrical counters and A - with increasing energy. AS may 
at a gas pressure of 15 cm Hg in the instru- be seen from Fig.9 conversion to 
ment (rectangular counters). the rectangular counters with no 


film over the windows improved 
the spectral characteristics of the hodoscope to the extent of reducing the 
line half-width by a factor of 1.3-1.4. 

Let us examine, using the Na24 y-line of 2.75 Mev energy, the functional 
dependence of the line shape, half-width and position on H/H, (Figs.10,11 & 
12). 

As usual in such cases,due to multiple scattering the recoil electrons 
ejected at different angles @ from the target are characterized by different 
energies.3 The probability of detecting low energy recoil electrons multiply 
scattered through a large angle in the target increases for small values of 
H/Hj- This explains the shift of the entire line to the side of low energies, 
the increase in the line half-width and the presence of the low energy tail. 

The line half-width noticeably decreases with increasing H/Hg. This is 
due to a decrease in the number of counter combinations that can record the 
recoil electrons ejected by photons of the given energy. The shift of the 
line peak to the side of higher energies at large values of H/H, apparently 
occurs due to the fact that the values of p and @ calculated for the central 
trajectories exceed the true values of the parameters. In addition, multiple 
scattering of electrons in the target in this case also leads to an elevated 
value of E,. 

As noted above, the lines obtained by means of the gamma-hodoscope are 
characterized by tails on both sides of the line. Hence it is important to 
investigate the shape of the high energy tails and the reason for their forma- 
tion. 

By way of example let us examine the results of measurement of the 2.75 
Mev y-line of Na24 at H = 1200 oersted (H/Ho = 1.33). With this field the 
recoil electrons not scattered in the target, the gas in the instrument or 
the counter walls will pass mainly through counters Nos.1—1—1l and with a 
somewhat lower probability through counters Nos.1—2—1l (here and below the 
counter numbers are for arrays I, II and III reckoning from the target, the 
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numbering in each case being out from the center of the instru- 

N\ 29% ment in each array). In the ideal case the experimental line 
would have a steep drop to zero at ~2.85 Mev. Actually the 
high energy side of the line is less steep and a highly irregu- 
lar tail extends all the way out to ~7 Mev (Fig.13). The minor: 
maximum in the 3.7-4 Mev region is associated with 3.85 Mev 7- 
rays. 

Let us examine the possible reasons for the appearance of 
the tail in the given case. 

1. Electron scattering in the target cannot lead to the 
formation of such a tail inasmuch as electrons scattered at 
an angle 9 > 4° will no longer be detected by the instrument. 
Scattering in the target leads only to broadening of the line 

250 base to 2.9 Mev. 

2. Scattering in the gas filling the instrument does con- 
tribute to broadening of the experimental line but is not the 
principal reason for the formation of the tail. Measurements 
of the 1.12 Mev line of Zn65 and the 2.62 Mev line of ThC” with 

200 the gas pressure in the instrument reduced by half (to 15 cm 
Hg) showed that in this case the line width at half-height was 
reduced by about 14%, but the tails remained virtually the same 
in both cases. 

3. Apparently scattering of the recoil electrons in the 
walls of the counters of array I and particularly in those of 
array II makes the principal contribution to the experimental 
tails. As was noted above in the ideal case for 2.75 Mev y- 
rays and a field of 1220 oersted only counters 1—1—l1 and 
1—2—1 should be triggered. Scattering of electrons in the 

first counter of row I, however, 
leads to the appearance of count- 
er combinations of the types 
1—3—1, 1—4--1, 1—5—1, etc. 

50 { (Fig.14 a) (the divergent elec- 

tron beam from the first window 
of counter No.1 of array I is 

, focused through 180° to arrive 

erat (lave i at the window of the No.1 count- 

4 sf 36 40 94 «48 52 56 60 64 6B8E,Mev er of array III). As may be seen 


160 


J00 


vs from the curve of Fig.15 a, how- 
Fig.13. Results of measurement of the ever, the scattering in the count- 
Na24 y-spectrum with H = 1220 oersted ers of array I leads to relatively 
(background subtracted). The maximum in small error in determining E. 
the 3.6-4 Mev region is partially due to Moreover, it will be recalled that! 
3.85 Mev y-rays. counter combinations 1—4—1, 


1—5—1,....,1—10—1, associated 
with scattering through very large angle &, correspond to trajectories that 
when traced back fall outside the area of the target and are consequently dis- 
regarded in plotting the experimental line. 

Scattering of electrons in the counters of array II leads to flashing of 
the following combinations (Fig.14,b): 1—1—2, 1—1—3,....,1—1—10 and 
1—2—2, 1—2—-3,....,1—2—10. An appreciable number of such combinations 
is recorded in practice (Fig.16). The greater the scattering angle 8 the : 
higher the number of the discharging counter in array III. The tabular value 
of the Compton angle » for the given combination increases rapidly with in- 
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creasing number of the 
triggered counter of 
array III. Hence as 
curve b in Fig.15 shows, 
the value of Ey is 
strongly dependent on 
the activated counter 
number in array III. 

It is noteworthy that 
combinations correspond- 
ing to the same E values 
but smaller Compton 
angles @ are not observed 
(except in the 3.6-4.0 
Fig.14. Electron scattering: a) in counter array I Mev region, where there 
and b) in counter array II. is a 3.85 Mev y-ray). 

It will be clear from 
the above that in the case of our example the broadening of the line near its 
base occurs due to electron scattering in the target, in the gas and in the 
counters. The high energy tail is formed primarily due to scattering in the 
counters of array II. If in plotting the line we restrict ourselves to tra- 
jectories with angles » < 6°, thereby excluding all frames corresponding to 
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Fig.15 Fig.16 
Fig.15. Dependence of E, on the counter number: a) on the number of 
the counter in array II when the electron passes through the first 
counter of array I and the first counter of array III (combination 
of the 1—n—l1 type) and b) on the counter of array III when the 
electron passes through the first counter of array I and the iter 
counter of array II (combination of the 1—l—n type). &- scattering 
angle, hv = 2.75 Mev, H = 1220 oersted; Ey, @ and & calculated for 
central trajectories. 
Fig.16. Dependence of the number of frames N on the number of A Ce peal 
ered in array III (combinations of the 1—1—n type); H = 1220 oers ; = 
. = 2.75 Mev (Na24 y-line). 
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Fig.17. Experimental 7-spectrum 
of Na24 with H = 1220 oersted 
after subtraction of the back- 
ground and exclusion of frames 
with m > 6°. 
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26 True energy 


Fig.18. Dependence of Ey on the counter 
number: a) on the counter in array II 
when the electron passes through the 
fifth counter of array I and the fifth 
counter of array III (combinations of 
the 5—n—5 type) and b) on the counter 
in array III when the electron passes 
through the fifth counters of arrays I 
and II (combinations of the 5-—-5—n 
type). 2.75 Mev Na24 y-rays, H = 917 
oersted. 


larger scattering angles 2%, the tail 
at the base of the line is almost en- 
tirely eliminated (Fig.17). 

This observation applies to other 
measurement conditions as well, i.e., 
for other values of H/H). Fig.18 shows 
the variation of Ey with the counter 
number in arrays II and III in the case 
of measurement of the 2.75 Mev Na24 y- 
rays at H = 9.7 oersted (H/Hp = 1). It 


must be noted, however, that with decreasing H/H, the contribution of multiple: 
scattering in the target to tail formation increases. 

Let us now see what role the background plays in measurements with the 
gamma-hodoscope. The background counting rate Np when the target is withdrawn: 
from the y-ray beam, the ratio of the background rate to the rate with the 
target in place Npb/Ny and the shape of the background spectrum depend on H 
and on the composition of the y-radiation emitted by the source. Ny will ob- 
viously be the greater, the higher the activity of the source. Curve 2 in 
Fig.7 shows that the highest value of N, is attained in weak fields when the 


counting rate Nt with the target in the beam is low. 


In the specific case of — 


Na24 the increase in Ny in fields H <640 oersted is due to the soft 1.37 Mev. 
y-line of Na24, while at the same time the background from this line is | 
negligible. After passing through a maximum at field value slightly above 
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640 oersted, Np monotonically decreases with 


Ny My, % increasing H/H, and tends to a constant value 

- of 1 count per 6-7 hours. The counting rate 
Nt with the target in place with H/Hp > 1.35 

40 also tends to the same limit. The curve of 


Fig.19 shows how the relative background Np/N¢ 
varies with H and H/Ho- It will be seen that 
the background amounts to a small fraction of 
the total effect with H/Hp >0.9. With H/Hy< 
<0.9, Nb/Nt increases rapidly owing both to de- 
crease of Ny; and increase of Np. Finally at 
high values of H/H, the growth of N,/Nz occurs 
primarily due to the rapid increase in Nx. 
Essentially the background spectrum "re- 


Fig.19. Variation of the 


relative background Np/N+ peats'' the shape of the y-spectrum. The peak 
with H and H/H, for hv = of the background line with H/Hp <1 is shifted 
= 2.75 Mev (Na24). Np - to the low energy side. 

- number of triple coinci- The ratio Np/Nt is only weakly dependent 
dences per unit time with on the gas pressure in the instrument. When 
the target out of the beam; the pressure of the gas mixture was reduced by 
Nt - number of triple co- half, Np/Nt decreased by only 13% for the 1.12 
incidences with the y-rays Mev y-rays of zn65 and remained virtually un- 
from Na24 incident on the changed for the 2.62 Mev radiation from The? 
target. The curve should (H/Hp = 1). Apparently, the principal source 
be shifted half a division where the background is concerned is not the 
to the right along the gas but the walls and other components of the 
horizontal axis. instrument directly irradiated by the y-ray 


beam (primarily the edges of the entry window 
and the chamber wall directly opposite it. 


4, Spectral Response of the Gamma-Hodoscope 


For the purpose of determining the relative intensity of y-transitions 
from the areas under the experimental line contours one must obviously know 
the spectral sensitivity of the hodoscope, i.e., the energy dependence of the 
relative probability of recording y-rays. A characteristic of the gamma- 
hodoscope distinguishing it from other spectrometers is that its spectral re- 
sponse cannot be characterized by a single curve (as can, for example, be 
done in the case of the Ritron*). One must have a whole set of curves each 
characterizing the spectral sensitivity of the gamma-hodoscope at a given 
magnetic field value. 

For direct experimental determinations of the spectral sensitivity curve 
it would be necessary to have a large assortment of different y-sources hav- 
ing accurately known activities. In addition, inasmuch as resolution of the 
hodoscope is not large, it would be necessary to have sources having single 
lines or at least lines separated at least 0.4-0.5 Mev from the nearest neigh- 
bors. The number of suitable y-sources is so small that use of the experi- 
mental procedure for determining the spectral sensitivity curve of the gamma- 
hodoscope is virtually precluded. Thus the only course left was to ee dare 
the spectral sensitivity curve for a number of values of H and then to chec 


them at individual points experimentally. 


*See Bulletin, 18, No.5, 285 for a description of the Ritron. Trans. 
editor. 
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The solid line 
in Fig.20 shows the 
spectral sensitivity 
curve of the gamma- 
hodoscope for H = 740 
oersted calculated for 
a point source (L = 
= 654 mm, effective area 
of the target spot S = 
= 80 x 35 mm, slit 
width 80 mm, cylindrical 
counters) taking into 
account the Compton re- 
coil distribution in 
angles and energies. 


13 37 Scattering and stopping 

Ey, Mev of the recoil electrons 
Fig.20. Spectral sensitivity curves of the gamma- in the target and gas 
hodoscope for H = 740 oersted (cylindrical count- were neglected. The pre-- 
ers). W - probability of recording 7-rays of the cise method of calcula- 
given energy in relative units. Solid line - tion was developed by 
curve from precise calculations; dash line - from the writer and the spec- 
rough calculations. tral sensitivity curve 


for H = 740 oersted was 
computed by G.F.Dranitsyna. Calculation of such a curve for even one field 
value is extremely laborious. Hence calculations for the requisite large num- 
ber of H values would have required an excessive amount of time. Consequently,, 
for practical purposes it was decided to use a rough method of calculation of 
the sensitivity curve using the following simplifying assumptions: 

1. The recoil electron source is assumed to be only the center line of 
the target (the line of intersection of the target with the plane perpendicu- 
lar to H and passing through the geometric center of the instrument). 

2. Electron beam is assumed to be a plane beam. 

3. The acceptance angles of all counter combinations are assumed to be 
identical. 

4. As in the precise calculations the influence of scattering and stopping: 
of the electrons in the target gas and counter are neglected. 

The spectral sensitivity curve calculated on the basis of these assump- 
tions for H = 740 oersted (cylindrical counters) is shown in Fig.20 by the 
dash line. It will be seen that the "rough" curve is basically similar to 
the "precise" curve. As might have been expected, primarily due to assumption 
3 above, the probability of recording for low Ey (i.e., small 9) is somewhat 
lower and for large Ey (i.e., large 9) is somewhat higher than indicated by 
the "precise" curve. At very high energies (Ey > 3 Mev) the precise values 
lie somewhat higher than those given by the rough curve. In this Ey region 
there operate counter combinations recording electrons ejected at very large 
angles m (>16°). The Compton scattering cross section at large @ changes 
slowly, consequently the relative contribution from recoil electrons ejected 
at an angle to the central plane increases. 

As noted above (assumption 2) in the rough calculation the spatial dis- 
tribution of electrons is not taken into account. This part of the spectral 
sensitivity curve has no practical significance inasmuch as plotting the ex- | 
perimental y-spectrum the counter combinations with large @ are discarded. : 
The greatest difference between the "precise" and "rough" curves is 45% and | 
occurs at Ey = 1.6 Mev. 
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Fig.21. "Rough" spectral sensitivity curves 
of the gamma-hodoscope (rectangular counters). 
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Fig.22. Relative intensity of 
the 1.37 Mev and 2.75 Mev 7- 
lines of Na24, The straight 
horizontal line at Ij/Ig =1 
indicates the true intensity 
ratio. The points were ob- 
tained from the experimental 


data using the spectral sensi- 


tivity curves calculated for 
the corresponding H values. 
Ij is the intensity of the 
1.37 Mev line and Ig is the 
intensity of the 2.75 Mev 
line. 


LOS = 


A number of spectral 
sensitivity curves for the 
rectangular counter version 
of the hodoscope calculated 
by the rough method for a 
series of H values are shown 
in Fig.2l. 

The relative intensity 
of a y-line is determined in 
the following manner. Let 
us assume that two y-lines 
from the same source have 

a0 47 ee Seay, been measured with the gamma- 
£,,Mev hodoscope: a line of energy 
Ey, at Hy and a line of ener- 
gy Eyg at Hg. During equal 
measurement periods there 
have been obtained N, frames for Ey) (after 
subtraction of the background) and No frames 
for Eyg. From the spectral sensitivity curves 
for fields H, and Hg, we find the probability 
of recording the Ey) and Eyo lines, namely, 


W, and Wg. Then the ratio of intensities Ij/Ip, 
is obviously given by the formula 
Lee (7) 


When the difference between the line ener- 
gies is appreciable, one must take into account 
the difference in absorption of the y-rays in 
the source itself and in the entrance window 
of the instrument. 

The results obtained in calculating the 
relative intensities of the 1.37 Mev and 2.75 
Mev y-lines of Na24 on the basis of measure- 
ments at different values of H are shown in 
Fig.22. Curve 3 in Fig.7 gives the variation 
of the counting rate with H for the 2.75 Mev 
y-rays of Na24. The open circle points in 
Fig.7 indicate the corresponding probability 
of recording the 2.75 Mev y-rays as determined 
from the spectral sensitivity curves. It will 
be seen from Figs.22 and 7 that relative inten- 
sities can be determined with an accuracy of 


the order of 10-30% by means of the spectral sensitivity curves. 


5. Conclusions 


Extensive work with the gamma-hodoscope has shown that this instrument 
is fully suitable for investigation of very low ae ota pretence 
The y-spectra of the radioactive isotopes Na24, x42, As 76, Agll0, Sb and 
Cst34 have already been investigated on the gamma-hodoscope. 
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The efficiency of the instrument depends on the y-ray energy, on the 
field H used, (i.e., on H/Ho) and on the form and size of the source. me de- 
fine the efficiency of the instrument as the ratio of the number of triple co-9 
incidences (i.e., number of frames) obtained per second after subtraction of 
the background to the number of y-rays of the given energy emitted by the 
source per second. Some data on the efficiency of the gamma-hodoscope with 
H/Hp = 1 are listed in the accompanying table. The corresponding values for 


the Ritron4 are also shown for purposes of comparison. No special measure- 
ments of the activity of the sources were made. 


Efficiency, 

number of 
coincidences 
per photon 


Efficiency, 
number of 


Energy, Dimensions 


of source, 


Material 


Mev Remarks 


Na24 Standard 
conditions 
Na24 1951 

It will be seen from the table that the efficiency of the gamma-hodoscope 
is not high although it is superior to that of the Ritron. The possibility 
of using the gamma-hodoscope to investigate y-radiation of very low intensity 
(10-5 to10-© quanta per decay) is due primarily to the following distinctive 
features of the instrument. 

1. The energy of the corresponding y-ray is determined from each triple 
coincidence, i.e., from each recorded Compton recoil. 

2. The procedure of recording triple coincidences between widely sepa- 
rated and well shielded arrays of counters reduces the background from cosmic 
rays and spurious radioactivity to 1 count (frame) per 6-7 hours. This makes 
it possible to detect very weak effects at a counting rate equal to one co- 
incidence every 2-3 hours. 

3. In view of the fact that the y-ray source is located outside the in- 
strument, one can use samples having a very high total activity without fear 
of overloading the counters. 

Thus with a source having an activity of 1000 millicurie one can investi- 
gate 2-4 Mev y-radiations having intensity of the order of 1076 Y-rays per de- 
cay. 

The effective transmission (efficiency) of the gamma-hodoscope could be 
increased by using a thicker cellophane or beryllium target. As experience 
with the Ritron shows, however, the use of a beryllium target having a thick- 
ness of 400 p reduces the resolution by an appreciable factor (in the case of 
the Ritron up to 13-14% at ~2.5 Mev). Hence where measurements such as those 
cited above are concerned this procedure for enhancing the efficiency of the 
instrument is expedient only for the hard 7y-radiation of Na24;. in all the 
other cases (K42, As76, Agli0, sp124 and cs!34) the weak y-lines of interest 
are located close to far more intense softer lines. 

To improve the resolution of the instrument without sacrifice of effici- 
ency one could 1) obtain a higher degree of precision as regards the electron | 
trajectories by reducing the size of the counters and increasing the number 
of counters in each array or 2) reduce the electron scattering in the instru- 
ment (gas, counter walls and target). In practice, however, not much improves, 
ment can be attained by the first measure inasmuch as 1) reducing the size of. 


- 1589 - 


the counters is necessarily accompanied by a decrease of their efficiency and 
2) increasing the number of counters in each array will result in increased 
scattering in the counter walls. 

Electron scattering in the instrument could be reduced by vacuum separa- 
tion of the counters from the instrument chamber, i.e., by using thin windows 
on the counters and evacuating the instrument. Although this procedure is 
promising in theory, in the case of the gamma-hodoscope it is fraught with 
substantial technical difficulties. 

With further technical improvement of the instrument, including the re- 
cording equipment, and more accurate determination of the spectral sensitivity, 
it should be feasible to use the gamma-hodoscope for a solution of a number of 
specific problems in the field of y-spectroscopy. 

I desire to express my gratitude to B.S.Dzhelepov for his general guidance 
and inspiration and to P.A.Tishkin for supervising the installation of the 
electronic equipment. In the course of designing the instrument I received 
much valuable advice from V.S,Sadkovskii, G.S.Kvater, G,S.Rusinov, A.V. Zolotavin 
and A.A.Bashilov, L.V.Gustov, Iu.N.Podkopaev, Iu.A,Lakomkin, G,F.Dranitsyna, 
P.F.Ermolov, V.I.Skopina and others participated in various stages of the work. 
I take this opportunity to express my heart-felt thanks to all of them. 
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144 By THE B-y COINCIDENCE METHOD 
IGATION OF THE DECAY OF Ce*** BY 
ieee ~ V.P.Parfenova, N.V.Forafontov & V.S.Shpinel' 


Introduction 


A number of authors have investigated the decay of Cel 44 produced i - 
issi ) 1-5 e published data, however, disagree on many points 
aed oe pee eae pee laa ema tee a been definitively stsetehag t8 
Certain difficulties are encountered in investigating the decay of Ce ; 
these difficulties stem from the fact that the B and 7y-transitions are close 
in energy and lie in the soft region so that resolution of the B-spectrum, as 
well as of the y-lines, is not an easy task. 
The latest published data on the B- and y-ray energies are summarized 
in Tables 1 and 2; the data from coincidence experiments are listed in Tables 
3 and 4. 
Table 1 
B-transition energies and intensities 


_k BS % 
Compo— Adee 
nent [1] | [2] | (4) | [5] Garsaeta 
By = 100? 100? = 130-410 7-42 
Be 170 170 160 175 175-5 26-44 
Bs = 223? 258 == 230-415 64 
Ba 304 304 327 309 310-45 61-9 
Table 2 


y-ray energies in kev 
er ee pS ese ee 


From conversion electron spectrum ase ee 
= SS ee ee ores 
(1) | [2] [4] | (5) Our data 
ee ae a ee ee ae Oe ee) 
29,2Auger| 29,2Auger| 28,5Auger — Auger 29,2 Auger —- 
Bion Uf 34 33,4 Son Jose _- 
34 Auger} 34,2Auger| —Auger —Auger —Auger 36 
— 41 40,8 42 41,0 — 
03,0 53 03,2 03,9 03,0 — 
a = 59 — 
80,7 81 79,9 81 81,0 80 
— 94 95 _ 94,7 95—100 
100,3 100 _ 100,3 100,6 
134,2 134 133,95 134,5 134,14 134 
_ — 145 — = 
Table 3 As may be seen from Table 1, at present two 


Y¥-Y coincidence data B-transitions of energies ~310 and 170 kev may be 
; regarded as firmly established. A B-spectrum of 

pola srcee aman) oe 220-250 kev energy was observed by Emmerich, Auth 
i. 1 an” Se Se Kaurbatoyssand Cork, Brice & Schmid4, but was 
not detected by Pullman & Axel5. The 100 kev B- 
spectrum has not been reliably observed by anyone, 
80—33; 40; 145] 80 X-rays but all the above listed authors infer the possi- 
134—33; 40 ares coinci- bility of its existence. 

gies In the present work we used the B-y coincidence 

technique to detect the low intensity 6-transitions. 


(3] [5] 
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Table 4 


With this technique partial B-spectra should 
Y-B coincidence data 


be evinced more clearly inasmuch as the B- 
particles of the Ce!44 transition to the ground 


Ey, | Ep max» | By, key Eg max state of Prl44 and the B-transitions in pr144, 
Vv, : : 
eh which usually hamper deciphering of the primary 
[9] Our_data B-spectrum, are not recorded in such measurements. 
: 130 
ee 5 ‘ 
ee lees Experimental equipment 
130 
80 175 lo-=o5 175 The B-y coincidence measurements were made 
230 on a set-up consisting of a two-lens B-spectro- 
134 475 | 130140 {198 meter and a scintillation y-spectrometer, as de- 


scribed in Refs.6 & 7. The following modifica- 
tions were made in the earlier described set- 
up. 

1. In order to increase the solid acceptance angle of the B-spectrometer 
the internal coils which seriously limited the beam were removed and an annu- 
lar slit was installed in the region of the ring image, as described in Ref.8. 
This increased the transmission of the instrument to 2% (line half-width = 3.3%). 

2. The original plexiglass light pipe was replaced by a polystyrene one 
which made it possible to record electrons of >70 kev energy without loss. 

In the 7-spectrometer employed in the set-up (FEU-29 photomultiplier and 
NaI crystals) the half-width of the Cs!37 line photopeak was 12%. 

The resolving time of the coincidence circuit was 3-1078 sec. 

The Cel44 source was prepared by evaporation ot a solution of CeCl3 
(stored for a period of 2 years) on a 6 mg/cm? mica support mounted on the 
bottom of an aluminum cup. The superficial density of the source was 30 yg/em, 


Measurements 
A. B-spectrum and conversion electron spectrum 


The B-spectrum and conversion electron spectrum of Cel44 4 prl44 were re- 
corded by means of a two-lens B-spectrometer.* In the rectified (Kurie) plot 
obtained after subtraction of the hard B-spectra of Pr!44 one can readily dis- 
cern the 310+5 kev B-transition which, according to our data, accounts for 61% 
of the total number of B-transitions in cel44, petermination of the end-point 
energies of the other B-spectra from the rectified plot is hindered by the 
presence of a large number of conversion lines in this part of the spectrum. 
Hence the energies of the other B-spectra can be reliably established only from 
the coincidence data. The y-line energies inferred from the conversion elec- 
trons are listed in the last column of Table 2. The Soe eer Una spec- 
trum was recorded on another B-spectrometer of analogous design® which yielded 
a relative line half-width of 1%. All the known y-transitions except Oe 145 
kev transition, which has so far been observed only in one investigation“, were 
evinced in the conversion electron spectrum. The intensities Oo ne ea eas 
tions were evaluated from the Kurie plot of the B-spectrum of Ce Pr . 

In resolving the partial B-spectra, the end-point energies of the B-spectra 


*The primary spectrum of Cel 44_+pr144 is shown in Ref.9 (the next 
article in the present issue of the Bulletin). 


were taken from the 
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results of the B-y coincidence measurements. This method 


of determining intensities is, of course, not accurate. 


B. Scintillation spectrometer measurements 


The y-spectrum of Cel44 


NM 134 


20 30 40 50 60 0 80 30 WON 


Oo 0 
Fig.l. y-spectrum of Cel 44 
obtained by means of the 
scintillation spectrometer. 
Hatching indicates the areas 
discriminated by the pulse 
height analyzer in investi- 
gating B-y coincidences. 


is shown in Fig.l. The peaks at 36, 80 and 134 
kev are clearly discernible. 

The first peak comprises x-radiation from 
prl44 of 36 kev energy as well as 34 and 41 kev 
y-rays. The resolution of the scintillation 
spectrometer is insufficient to resolve these 
y-rays or the y-radiation in the 95-100 kev re- 
gion. 

The relative intensities of the y-rays were 
determined from the photopeak areas. For the 
ratio of the intensity of the 134 kev y-rays to 
the 80 kev y-rays we obtained a value of 4.3 + 
+ 0.5 and for the ratio of the 134 kev 7-rays 
to the 95-100 kev y-rays we obtained 7.1 + l. 
In calculating these values appropriate correc- 
tions were made for absorption in the aluminum 
plate mounted in the y-ray beam for absorption 
of fast electrons from the source and for the 
yield of x-radiation of iodine from the NaI 
crystal.10 


C. B=? coincidences 


To obtain the partial B-spectra the pulse height analyzer gate was set 
to discriminate the appropriate y-ray energy interval and then the spectrum 
of the B-particles yielding coincidences with given y-rays were studied. Thus 
we investigated the B-coincidences with y-rays in the 30-40, 75-85 and 130-140 
kev energy regions. The position of the analyzer gate in each case is shown 


Ms. VY H-134 
600 i 


500 


by hatching in Fig.l 

Inasmuch as the 7y-radia- 
tion of interest is soft, the 
absorption of the y-rays in 
the NaI crystal is due primari-- 
ly to the photoeffect. The 
Compton effect, leading to a 
continuous light pulse distri- 
bution in the crystal, amounts 
to less than 15% of the total 
effect at 134 kev. This cir- 
cumstance makes it possible 
to disregard the contribution 
from high-energy y-rays in 
the region of softer y-lines 
(the magnitude of this contri- 


re D rr 0 735 , 45 kbp bution from the 134 kev line 
in the region of the 80 and 
Fig.2. Spectrum of B-particles coinciding 36 kev lines as gated by the 


with x- and soft y-rays. 


y-rays to the 36 kev peak is even smaller). 


analyzer does not exceed 2-3%; 
the contribution of the 80 kev 
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0 1% 00 15” 160 * 5 200 225 Bey S076 100 105 150 178 200 Z05 xv 
Fig.3. Kurie plot of B-ray spectrum Fig.4. Kurie plot of B-spectrum in 
coinciding with the x- and soft y- coincidence with the 80 kev y-radiation 
rays (36 kev peak in Fig.1) and re- and results of resolution into partial 
sulting resolution into partial p- B-spectra. Line designation same as 
spectra; 1) total B-spectrum in Fig.3. 

(Ep max = 230 kev, 2) result of first 

subtraction (Eg max = 175 Kev), 3) We carried out three series of 
result of second subtraction coincidence measurements. The results 
(Eg max = 130 kev). obtained in one series are shown in 


the accompanying figures. The spectrum 
of B-coincidences in the region of x- 
and soft y-radiation is given in Fig.2. 
There are evident in the figure K con- 
version peaks corresponding to the 80 
and 134 kev y-rays as well as lower L 
conversion peaks associated with the 
41 and 53 kev radiations. The recti- 
fied B-y coincidence plots are shown 
in Figs.3, 4 & 5 together with the re- 
sults of resolution into the partial 
B-spectrun. 

It will be seen from Figs.3 & 4 
Fig.5. Kurie plot of spectrum of B- that the B-particle spectra yielding 
particles coinciding with the 130 coincidences with the x- and y-radia- 
kev y-radiation: 1) total B-spectrum tion in the 36 kev region and with the 
(Eg max = 175 kev), 2) result of sub- 80 kev y-rays are comprised of three 
traction of the 6-spectrum with 175 partial B-spectra: B ,, Bo and Bs- It 
kev end-point energy (Eg max = 130 kev. will be evident from Fig.5 that the 

134 kev y-rays coincide with a B- 
particle spectrum consisting of two components: Bj and Bo- 

The determined end-point energies (Ep max) and the relative areas under 
the B-spectra coinciding with the y-rays of different energies are listed in 
Table 5, wherein the values are the averages for the three series of measure- 
ments. P 

The uncertainty in determining the relative areas under the partial 

- is 15-207. 
eae ee ones data are juxtaposed with the corresponding data in 


the literature in Table 4. 


50 18 Wo tas 150 «M75 E, Kev: 


Discussion 
The results of our study show that the B-spectra yielding coincidences 
with three different sections of the y-spectrum are complicated. These spec- 
tra do not include the B4 component (Table 1) of ~310 kev energy which eh 
therefore be assumed to be due to a transition to the ground state of Pr 
(no isomeric levels were detected). 
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Table 5 From the observed B-7 
cascades it may be concluded 
that the 63 (Eg max = 230 kev) © 
Relative areas under ®-spectra = 1758 kev) trang 
kev cplnolaty si: Wigipcilas eam arene sae pri44 Mee at 
Ey = 134 kev 80 and 134 kev, respectively. 
The existence of the 6B, compo- 
nent (Eg max = 130 kev) was 


Ey = 36 kev Ey = 80 kev 


Br eae 3 e ou established from the break in 
i! 23018 14 27 — the curve appearing in all the 


Kurie plots (Figs.3,4 & 5). In 

cases of soft, low intensity 
spectra such as the present, there can always be some doubt regarding the actual 
existence of certain components. Thus the deviation of the experimental points 
from the straight line in Fig.5 could be due to apparatus distortion of the Bg 
spectrum. If this were the case, a like deviation should be observed in the 
other plots. Actually the deviation of the experimental points from the 
straight line in the soft part of the spectrum in Figs.3 and 4 is appreciably 
greater than the corresponding deviation in the spectrum pictured in Fig.5 
(see Table 5). Moreover, such large deviations can hardly be explained under 
our experimental conditions solely by the influence 
of scattering and absorption. In view of this it may 
be concluded that the 130 kev end-point energy B1 
component actually does exist. 

The presence of a B-spectrum of energy less than. 
175 kev indicates that there exists an excited level 
in Prl44 located above the 130 kev level.* 

Our results are in best agreement with the decay 
scheme shown in Fig.6 which is identical with that 
proposed by Emmerich, Auth & Kurbatov2, 

The authors desire to thank Z.I.Anan'eva for her’ 
invaluable assistance in the work. 
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FURTHER INVESTIGATION OF ELECTRON FOCUSING IN A TWO-LENS B-SPECTROMETER 
- K.P.Mitrofanov & V.S.Shpinel' 


Introduction 


The characteristics of two-lens B-spectrometers are strongly dependent 
on the shape and relative position of the magnetic lenses. In view of the 
difficulty of solving the theoretical equations of motions for electrons in 
complicated magnetic fields, the optimal operating conditions for spectro- 
meters of this type are usually selected on the basis of experimental data. 
Commonly, the necessary information is obtained by photographing an electron 
beam or by using an electron gun and a fluorescent screen for visual observa- 
tion. In the present work we used an electron gun to investigate the focus- 
ing properties of a two-lens BML-1 B-spectrometer for different positions of 
the lenses and studied the effect of an external correcting coil on the per- 
formance of the spectrometer. 

The procedure used in the present work was employed earlier in investi- 
gating the characteristics of a spectrometer with one possible arrangement of 
the lenses and has been described in detail in Ref.1. Hence below we shall 
only outline the experimental technique and in most cases will give only the 
results. BML type spectrometers produced by the "Fizpribor" Plant have stand- 
ard dimensions, hence the results of our investigation can be applied to any 
spectrometer of this series and used for adjusting the instrument and select- 
ing the most suitable operation conditions. 


1. Investigation of electron focusing 


The set-up for investigating 
the focusing of the electrons is 
diagramed in Fig.1. As compared 
with the set-up used earlier!, 
the present set-up has an elec- 
tron gun of improved design and 
a moveable entrance aperture 
disc 4 by means of which angle 
@ of divergence of the electron 
beam can be varied without dis- 
turbing the vacuum. By measur- 
ing the displacement of the 


Fig.1. Diagram of experimental set-up: 1) luminous spots on the screen 
electron gun, 2) fluorescent screen, 3) incident to variation of the 
viewing window, 4) entrance aperture disc, focusing current (the current 
5) correcting coil. through the magnet coils) or 


shifting of the screen, we were 
able to determine the operating characteristics of the spectrometer and plot 
f the lenses. 
electron trajectory curves for different positions o 
The spherical aberration curves obtained with different distances (d) be- 
tween the lenses are shown in Fig.2. The curves give the variation of (Ig - 
- Iq)/Ig with Q, where Ig is the focusing current for electrons with an angle 
and I, with the focusing current for Q->0. 
3 It will be seen that as the interlens distance is increased, the spheric- 
al aberration decreases and at d w 44 cm becomes less than the aberration of 


a solenoid spectrometer?. 
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Fig.3. Functional dependence of the 


0 0 0 30 40 maximum energy of the focused electrons 
a? on the separation between the lenses. 

Fig.2. Curves characterizing the 
spherical aberration of the B-spectro- In addition to reducing the spher- 
meter with different positions of the ical aberration, however, moving the 
lenses. The numbers at the curves lenses further apart also leads toa 
indicate the distance d between the reduction of the focusing power of the 
lenses at which the given measurements spectrometer, i.e., to a reduction of 
were made. The dash line is the the constant k in the formula Hp = kI. 
spherical aberration curve for a Fig.3 shows the variation of the 
solenoid B-spectrometer. maximum energy of electrons satisfactor-- 


ily focused by the spectrometer at the 
maximum allowable current I = 50 amp through the magnet windings as a function 
of the interlens distance. 

Improvement of the experimental technique made it possible to determine 
with great accuracy the variation of the electron trajectories in the spectro- 
meter. Knowledge of the trajectories allows of selecting the range of emis- 
sion angles @ giving the best relationship between the transmission (accept- 
ance angle) w and the resolution n and of determining the optimum size and 
position of the spectrometer slits. The results of the investigation of the 
electron trajectories at different values of the interlens distance d are 
shown in the form of curves in Fig.4, wherein the distance R of the electron 
from the axis of the instrument is plotted as a function of Z the distance 
from the counter. 

Inasmuch as the best relation between n and w is obtained for large angles: 
of emission Q@, with each new position of the lenses the entrance aperture was 
adjusted so that the trajectories of the electrons having a maximum angle Onax 
would pass about 1 cm from the inside wall of the chamber. 

It will be seen from Fig.4 that as the lenses are moved further apart the 
value of Qmax increases rapidly and the shape of the trajectories changes ap- 
preciably. The points of intersection of the electron beams forming the ring 
image in the case of small values of d are located close to the counter, while 
when the lenses are moved apart to d = 62 em the points of intersection move 
back, spreading into the mid-section of the spectrometer chamber. Under given 
operating (field) conditions, the resolution of the spectrometer depends on 


the accuracy of setting the annular slit. If the annular slit is properly 
positioned 


AR 
La —* ’ : 
where AR, is the width of the annular slit equal to the width of the ring ery. | 
and D is the dispersion of the electron beam, equal to the magnitude of the 
radial displacement of the beam incident to a 1% change in the focusing current 
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Z 
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Fig.4. Electron trajectories in the two-lens B-spectrometer determined for the 


: 5 cm, c) 36 cm, d) 52 cm and e) 
jens distances: a) 3 cm, b) 2 ; 
ale ae of Q,the angle of emission of the electrons,are shown at the 
ights the subscripts correspond to the numbers at the curves. 

» 
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The magnitude of AR, can readily be determined from the trajectory curves 
by measuring the width of the electron beams at the point of their greatest 
narrowing. Special measurements were carried out to determine the dispersion. © 


2. Measurement of the dispersion and determination of the resolution 
a. Measure eee ee ee ee 


For the purpose of measuring the dispersion, a narrow annular slit was 
cut in the entrance aperture disc (4 in Fig.1). 


2 saa The electron beam passing through this annulus 
We formed a luminous ring 0.5 to 2 mm wide on the 
screen. Knowing the change in current AI pro- 
a0) ducing a given change in the radius of the ring 
QR one can readily calculate the dispersion, 
f i.e., D = AR/(AI/I). 


In view of the strong dependence of the ring 
image position on d and Q, measurements of the 


; g ee dispersion at different distances from the count- 
Fig.5. Dispersion of elec- er were carried out for several different values 
trons having an emission of d and a. 
angle of 20° for interlens The dependence of D on Z for different inter-— 
distances of 1) 15 cm, 2) lens distances d with @ = 20° is shown in Fig.5. 
36 cm, 3) 52 cm and 4) 62 cm. It will be seen that when the separation 


between the lenses is greater than 36 cm the 
dispersion curves exhibit a maximum some 15-20 
cm from the counter. 

Increasing the angle of emission @ with a 
constant position of the lenses leads to an in- 
crease of the dispersion (Fig.6). The depend- 
ence of D on @ is described with fairly good 
accuracy by the formula D = C:Q, where C is a 
coefficient dependent on Z and d. The maximum 
value of this coefficient (C = 0.17) was obtain- 
ed with d = 62 and Z = 18 cm (where @ is in de- 

’ a 2 4 60 hu  8tees and D in mm). 
: Using the trajectory and dispersion curves, 
Fig.6. Dispersion in spectro- one can with fair accuracy evaluate the operat- 
meter with lenses set 62 cm ing characteristics of the spectrometer. The 


apart. The figures at the values of the various parameters corresponding 
curves are values of @ at to the best ratio of w to n for some positions 
which the given measurements of the lenses are summarized in the accompany- 
are made. ing table. 
SS ea en Ta cr rc es a 
d, om | Q,degree Z, CM AR\, MM D, um o, % a, % | Emax, Mev 
So Ee ee 
3 17—13 15 2,9 ale 5 ee | 
25 17—10 6 2,5 29 1,4 14 4° 
36 20-14 10 245 2.3 155 154 a8 
53 2922 30 4 oo 2'8 4,3 Ome 
62 29—20 20 4 3,8 3,3 1;4 ay 
62 33—20 27 6,5 3,5 5 1,9 232 


The listed values of n correspond to the ideal case of the point source. 
A source of diameter S reduces the resolution by an amount of the order of S/D 
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In order to obtain good resolution, it is most desirable to use electron 
beams with large angles of emission, but as may be seen from the trajectory 
curves, with an appreciable separation between the lenses these beams form 
images at Z > 30 cm, where the dispersion is small. In the case of a distance 
of 62 cm between the lenses the maximum in the dispersion curve is most pro- 
nounced and the best relation between Hj and w is obtained with an electron 
beam forming a ring image in the region of the maximum value of D. 

We could not investigate the focusing for interlens distances d > 62 cm 
because our instrument had no provision for further displacement of the lenses, 
but it may be assumed that further increase in the separation would be accom- 
panied by continued increase of the dispersion, particularly at values of Z 
corresponding to maximum D. Together with further decrease of spherical aber- 
ration and increase of the angle Qmax, this would lead to enhanced resolution 
of the spectrometer. 

The best relation between the transmission w and the resolution n should 
be obtained when the lenses are located so that their centers coincide with the 
positions of the source and detector. For the BML-1 spectrometer this would 
obtain with d = 76 cm. In this case it would be feasible to focus electrons 
of up to Emax ~ 1 Mev energy. 


3. Effect of an external correcting coil 


The strong dependence of the electron trajectories on the configuration 
of the magnetic field makes it possible to improve the focusing characteristics 
of the spectrometer by means of relatively small correcting coils. 

In principle it is possible to enhance the resolution of a spectrometer 
by means of coils located inside the vacuum chamber3,4; in practice, however, 
the use of such correcting coils is hampered by a number of practical diffi- 
culties connected with cooling the coils, maintaining a good vacuum in the 
spectrometer chamber, the necessity of using large solid angles, etc. Extern- 
al correcting coils are more convenient from the operational standpoint and 
have been successfully used in conjunction with many spectrometers” »®, 

In order to determine the effect of an external correcting coil (5 in 
Fig.1) on the electron focusing, we carried out measurements with a coil 25 cm 
in diameter and 30 cm in length consisting of 1000 turns of 2 mm conductor. 
The tests were carried out with the main lenses 62 cm apart. 

The magnitude of the current Icor through the correcting coil was measured 
in percent of the current Ijeng through the main lens coils and was taken as 
positive when the direction of I,,, was the same as that of Ijens- It was 
found that the field of the correcting coil has a strong effect on the shape 
of the trajectories but does not noticeably alter the magnitude of the disper- 
sion. Some of the results of the electron trajectory determinations with the 
correcting coil in operation are shown in Fig.7. 

From a comparison of the trajectories shown in Fig.7 with the trajector- 
ies plotted in Fig.4 it will be evident that the general diffusion of the 
electron beam due to spherical aberration is decreased with positive values 
of Igor and increased with negative values. At the same time with positive 
Icor there is observed a certain decrease in the width of the ring images 
(AR;,) together with some displacement of these images towards the counter. 
This leads to an increase of the dispersion of electron beams with large angles 

the plane of the ring image. 
a Ee eer of a correcting field makes it possible to improve the 
resolution of the spectrometer primarily through increase of D without sacri- 
fice of transmission. Comparison of the values of n and w obtained with the 
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Fig.7. Electron trajectories in the spectrometer with the correcting 
coil in use. Distance between lenses 62 cm: Q] = 1092.00) | m% = 

= 19° 40', Q3 = wae Oo", dq = 28925025 Qs = 32° 40', ag = 36° 40'. 
Current through correcting coil: a) +6.5%, b) +3.5% and c) -6.5%. 


coil with those listed in the table above shows that with Icor = +3.5% the 
resolution was improved by 20% and with Igor = +6.5% by 30%. 

In the last case, however, the outer electron trajectories virtually 
brushed the chamber walls inasmuch as R increases with increasing Igor. 


4. Operating characteristics of the spectrometer 


For the operation tests the lenses were set at a distance d = 62 cm; the 
correcting coil was connected parallel to the lens coils and the current 
through it Ip was set equal to +4%. A special circuit employing a Wheatstone 
type bridge with a sensitive microammeter as the indicator was employed to 
monitor and compensate changes in the resistance of the lens and correcting 
coils incident to heating. 

On the basis of the results obtained in the above-described electron gun 
experiments, we prepared two sets of aperture discs passing electron beams in 
solid angles of 5 and 1.8% of 4x with ring images formed in the region of the 
maximum dispersion. To determine more accurately the proper positions of the 
entrance apertures, we photographed conversion electrons of the F line ThB. 
The annular slits, selected and positioned on the basis of the results of 
photographing the F line, had widths of 10 and 4 mm and were located 15 and 
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Fig.8. Conversion lines of Csi37, 

Measurements made with a 5 mm Fig.9. B-spectrum of cel 44, measured 
diameter source and W= 5%. with w = 1.8% and a 1.5 diameter source. 


and. 16 cm from the counter for ™ = 5% andw = 1.8%, respectively. Measurements 
made under these conditions show that with e = 5% and a source 5 mm in diameter 
, the effective resolution of the spectrometer was 3.3% (see Fig.8). 
Measurements with w = 1.8% and a source 1.5 mm in diameter give a value 

rv of 1.0% for y. The B-spectrum of Cel44 recorded under these conditions is 

J shown in Fig.9. 

Counters with a window 20 mm in diameter were used in all the measure- 
ments. 

The values of n obtained under the described conditions are in good agree- 
ment with the values of 3.0% and 1.0% obtained from the electron gun measure- 
ments. 

We desire to thank A.P.Alekseev, student at the University, and N.I. Ivanova, 
laboratory technician, for aid in carrying out the measurements. 


Scientific Research Institute of Nuclear Physics, 
Moscow State University 
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NEW DATA ON THE y-SPECTRUM OF Sb124 
- B.S.Dzhelepov, N.N. Zhukovskii & F.A.Predovskii 


With a view to refining our earlier datal on the relative intensities of 


the y-lines of Sb124, 


we carried out a repeat investigation of the Sb124 radia= 


tion on the Elotron under new, more favorable (enhanced resolution and effici- 


ency) conditions2. 


For the purposes of the study we had available a neutron 


activated sample of metallic antimony weighing ~1.5 gram and having an act- 


ivity of 1.5 curie. 
preparation of the sample. 


The measurements were started 40 days from the time of 


We took particular pains to investigate 1) the Hp = 2500 to 3300 gauss’cm 


20 


ee egeene es : 


2900 3100 3300 

4p 6S cu 
Fig.1. Experimental curve obtained for the 
Hp = 2500 to 3300 gauss-cm region of the 
Sb124 y-spectrum. 


2500 2700 


4600 5200 5600 S000 Hoes om 
Fig.2. Experimental curve for the Hp = 
= 5200 to 6300 gauss-cm section of the 


y-spectrum of Sbl24, 


in this energy region. It is, we believe, 
lines of 714 and 723 kev ener 
Zolotavin, Grigor'ev & Abroian? is 1.0:2.7. 


soft region of the spectrum in 


which the 603 and 646 kev 7-lines | 


could not be satisfactorily re- 
solved by the Elotron under the 
earlier gas-filled conditions? 
and 2) the Hp = 4800 to 6300 
gauss-cm region where we detect- 
ed new, hitherto unknown 7-lines 
whose intensity fell off with a 
period of 60 days. 

We checked and revised the 
values of the relative intensi- 
ties of all the y-lines of Sbl24 
by means of the spectral sensi- 
tivity curve determined for the 
new conditions. 

The experimental y-spectrum 
in the 2500-3300 gauss-cm region 
is shown in Fig.l. Open circles 
give the number of coincidences 
per minute with the target in 
the y-ray beam; the solid dots 
show the background due primar- 
ily to spurious and cosmic ray 
coincidences and stray electrons 
ejected from the instrument walls 
by the y-radiation. As in the 
previous investigation, we ob- 
served y-lines of 603, 646 and 
723 kev energy. Here and below 
we give the most probable energy 
values based on the recorded con- 
version electron spectrum; our 
values, which agree within 0.5% 
with the most reliable values 
cited in the literature, are 
given in Table 1 and the figures. 
The ~723 kev line is 0.8% wider 
than the apparatus line expected 


the result of superposition of Y- 
, the ratio of whose intensities according to 


The Hp = 5200 to 6300 gauss-cm section of the y-spectrum lying to the 


left of the low energy rise of the intense 1692 kev y-line is shown in Fig.2. 
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The resolution of 
this section of the 
spectrum into indivi- 
dual components is 
illustrated in Fig.3. 
The spectrum in the 
upper part of Fig.3 
is the experimental 
curve with the back- 
ground subtracted; the 
solid line at the low- 
er right indicates the 
portion of the spectrum 
attributable to the 
left (low energy) rise 
of the 1692 kev line. 
The points in the low- 
er diagram show the 
spectrum after subtrac- 
tion of the rise as- 
sociated with the 
1692 kev line; here we 
have inscribed the in- 
dividual lines corre- 
sponding to hv = 1330, 
1370, 1450, 1500 and 
1540 kev. The resolu- 
tion of the lines here 
Fig.3. Resolution of the 5200 to 6300 gauss<:cm is better than in Ref.1l. 
section of the Sbl24 y-spectrum. It should be noted that 
the half-width of the 
1370 kev y-line is appreciably greater (0.3-0.4%) than the apparatus half-width 
for lines in this region. The observed broadening is due to the fact that this 
line is the result of superposition of y-lines of 1361 and 1370 kev energy. 3 
Lines at 1442 and 1525 kev were found in the previous investigation of Sb124 
on the Elotronl; now the latter has been found to be a double line and the po- 
sition and intensities of the lines have been refined. 

A repeat measurement of this portion of the spectrum one and a half months 
after the first series of observations showed that the number of coincidences 
at the line peaks fell off in accord with the period of $b124, 

In Table 1 we list the revised values of the relative intensities of the 
y-lines as well as the multipole orders of some of the vy-transitions calculated 
on the basis of our intensity data and the data of Zolotavin, Grigor'ev & 
Abroian® on the relative intensities of the K conversion lines of Sb124, The 
two scales of relative intensities were matched on the assumption that the 603 
kev y-line corresponding to the transition from the first excited level of 
Tel24 is pure electric quadrupole radiation. The uncertainties in the relative 
intensities indicated in the table are made up of the uncertainty in plotting 
the spectral sensitivity curve (~5% - Ref.2), the statistical measurement er- 
ror and the inaccuracy in resolving the spectrum into components. 


B00 SCR H.C aem 


Level diagram of Tel24 


pl24-»Tel24, based on all the data accumulated up 


scheme for S 
OM is reproduced in Fig.4 with some revision 


to May 1956 and shown in Refs.3 & 5, 
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Table 1 


Relative intensities and multipole orders of the y-transitions 
nn | | ae 


Theoretical value of 


transition = Sc & °,, i tb i 2 
pene hv, | relat. cee 333 BE. | E2 E3 Mi M2 akg 34 
f intens.| 4 L{ 5 : 
cy Pag | ease 2% 
Oe od ES al ee a 
2* | 98,6 
aie 600 | 197-4410 | 100 4,27 |4,5 |4,27|10,5 |5,24]/15,5 | B 
rae 644 Sat 7,4 (4,21. .|1,29|3,54| 8,50|4,46/ 12,9 M1 4,5 
71442 26.|2,92"*| 1,05 2,76) 6,31) 3:46) 9.00) 2, a7 
725 7 -49*4|| E2+ M1 
723-L4 \ 7,8 |3,26**}4,02|2,69| 6,03]3,39| 9,33] m1 | 40,0 
97042 | 967 | 5,0-+0,8| 0,6 |1,03 |0,56)/1,35| 2,82/1,70| 4,26) B1+ £2 2,5 
40473 | 1048 | 4,8-40,8 
1298-44 my 
1326+4 | 1330 | 4,6-+0,4 ; 
Sone: \1370 9,240,6 4-6 
1450-14 | 1450 | 4,1-+40,4 2,1 
1505415 | 1505 | 2,2-40,3 
1540416 | 1540 | 1,2-0,3 
169242 | 1700] 100 2,9 10,24 |0,21]0,42 


2088-+4 | 2090 |13,0+2,0 


0,80|0,49) 1,05 Ei ao 


Normalization assignment 
**Values taking into account the Y-line 


20925 FT 


925*2° 2° 
12482 (4°) 


2068 1692 1370 
53% 50% = 3.5% 
s él 


b03t} 2 


1326 603 
19% 985% 
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Fig.4. Decay scheme for Sb124, The values of 
the energy of the B-components, y-lines and 
levels of Tel24 and of the intensity of the 


intensities given in Ref.3. 


of the former level energy 
values. Whereas formerly 
the levels were assumed to 
be situated at 603, 1319, 
1960, 2283 and 2693 kev, 

we have now assigned them 
values of 603, 1326, 1972, 
2295 and 2691 kev, respect- 
ively. The 603, 646, 714, 
723, 970, F326, 136). a7u8 
1692 and 2088 kev y-lines 
observed by Zolotavin et al 
and us, as before, fit satis- 
factorily into the scheme 
shown in Fig.4. The weak 
1047, 1295, 1450, 1505 and 
1540 kev lines do not cor- 
respond to any differences 
between the indicated levels 
and hence require the postu- 
lation of additional levels 


B-components are averages of all the data avail- in order to fit them into 
able in the literature. The indicated intensi- the scheme. 
ties and multipole orders of the y-transitions Analyzing the energy 


are based on our data. 


differences between the 
above mentioned weak lines 


one can readily find the approximate equality 1450 - 1047 = 403 ~ 2691 - 


- 2295 = 396, which allows of fitting in the 1047 and 1450 kev y-lines by 
introducing one additional level with an energy of 1248 + 2 kev. The intro- 
duction of this level makes possible a new arrangement of the 646 and 723 kev’ 
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lines inasmuch as 1972 - 1248 = 724 kev and 1248 - 603 = 645 kev. 
An obvious question is whether these lines are not close doublets? The 


question can only be answered by a special investigation of the corresponding 
conversion lines on a high resolution instrument. 


Multipole orders 


The El assignment for the 1692 kev line following from Table 1 substanti- 
ates the deduction made earlier in Refs.3 & 5. The spin and parity assignments 
of 2+ and 3- for the 603 and the 2295 kev levels may be regarded as reliably 
established. The quantum characteristics of the other levels are less definite 
partly because of the uncertainty connected with the possible doublet structure 
of the 646 and 723 kev lines. Comparison with other even-even nuclei shows 
that two-quantum vibrational excitation of Tel24 should form a O+ 2+ 4+ triplet 
in the 1320 kev region (Eo*/E]* = 2.2). Of the three possible choices one must 
attribute 2+ to the 1326 kev level inasmuch as there is observed a 1326-0 
transition and a 2295—»1326 transition (969 kev y-line) of the El + M2 type. 


The data on the 646, 1047 and 1450 kev lines support the inference that 
the 1248 kev level is 4. 


Intensity balance 


Table 2 If the 1248 and 1326 kev levels have spins 
Balance of intensities for 4+ and 2+ and belong to the same triplet, the 
the different levels of Tel24 probabilities of B-decay of Sb124 (the ground 
state of which is 3-) to these levels should 
be almost equal. Let us assume that 5% of the 
decays feed each level. Then the intensity bal- 
ance to all the levels will be as shown in 
Table 2. 
The divergence is 3% on the average and 
nearly 6% in one case (the 2295 kev level). 
For the higher levels the discrepancies 
+49 % may be due to inaccurate determination of the 
2691 +9,0 % = 13.1% intensities of the soft components of the B- 
spectrum in view of the fact that its precise 
shape is not known. For the lowest 603 kev level, 
however, the balance is determined primarily by the ratio of intensities of the 
603 and 1692 kev y-lines. The present experimental inaccuracy in determining 
this ratio still precludes more accurate intensity balancing for the 603 kev level. 


"yv.G.Khlopin"” Radium Institute, 
Academy of Sciences of the USSR 
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SPECTRA OF INTERNAL CONVERSION ELECTRONS EMITTED IN THERMAL NEUTRON CAPTURE 
BY SAMARIUM, CADMIUM AND GADOLINIUM 
- L.V.Groshev, A.M.Demidov & V.A.Naidenov 


Internal conversion data for (n,7) reactions have been reported by Hibdon 
& Muehlhause!, Church & Goldhaber? and Motz?. Hibdon & Muehlhause measured 
the internal conversion lines emitted promptly in neutron capture by Cd, Sn, 
Gd, Dy and Hg by means of a constant magnetic field B-ray spectrograph. Church 
& Goldhaber carried out a similar investigation for Gd. Motz employed a mag- 
netic lens spectrometer to study the internal conversion spectrum associated 
with the Cdl13 (n,y) Cdl14 reaction. 

In our investigation we used a magnetic spectrometer with electric record- 
ing of the electrons by means of two widely separated counters connected in 
coincidence. This spectrometer is commonly used on our laboratory for measur- 
ing (by observation of Compton recoils) of the y-rays emitted in thermal neu- 
tron capture by diverse nuclei.4 It must be noted that this instrument is 
not ideally suited for investigation of internal conversion electrons inasmuch 
as it has a relatively low transmission factor for spectrometers of this type, 
together with only moderate resolution. The work was carried out primarily 
for the purpose of evaluating the possibility of investigating such spectra 
by using the above mentioned method of recording with a view to utilizing it 
in a special instrument to be designed for internal conversion studies. 


Experimental Procedure 


The experimental 
procedure and equip- 
ment have been described 
in Ref.4. The only dif- 
ference in this case 
was that the neutrons 
from one of the chan- 
nels of the RTF (Re- 
actor, physico-techni- 
cal) reactor were 
Fig.1. Experimental arrangement for measuring spectra brought directly into 
of internal conversion electrons from the (n,y) re- the spectrometer cham- 
action. ber and there impinged 

on the investigated 
sample (3 x 4 cm). The sample was mounted in the usual position of the radi- 
ator foil (see Ref.4 and Fig.1). The internal conversion electrons emitted 
from the sample were recorded by two counters connected in coincidence. In- 
asmuch as the sample was also a source of y-rays, it must be noted that the 
counters were subjected to appreciable loads due to the proximity of the 
sample and inadequate shielding, particularly in the case of counter I (Fig.l). 
With a resolving time of T = 0.5:107© sec of the coincidence circuit, the 
spurious coincidence count amounted to 3-4 pulses per 5 min. The background 
due to electrons ejected from the sample by y-rays from the reactor did not 
exceed 2-3 pulses per 5 min. 

Scattering and stopping of electrons in the sample itself imposes a limit 
of 1-2 mg/cm? on the sample thickness. In fact, for electron energies under 
150 kev even superficial densities of this magnitude result in a certain 
amount of line broadening. The scattering and stopping appear to have less 
effect on the areas under the lines. Investigation of the 130 kev line in 
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the spectrum of Gd using sample thicknesses of 0.78 mg/cm? and 0.31 mg/cem 
showed that in this range of superficial densities, the areas under the line 
peaks still increase linearly with the sample thickness. 

With the available neutron flux from the RTF reactor and the relatively 
low transmission factor of our instrument, the limitations imposed on the 
sample thickness allow of carrying out measurements only on strongly absorb- 
ing isotopes with a neutron capture cross-section of 1000 barns or more. 

The data on our Sm903, Cd and Gdj0, samples are listed in Table 1. 


Table 1 


: Isotope} Contrib. | ©, barns | Thickness Neutron 
aa peers contentJof isotope] per atom | of sample,|absorption 
Leeann Pp % to cross | of natural yee in sample, 
section*,%4 mixture mg/cm % 
Sm,O3 Sm149 13,8 100 9200-+-350 4,25 2,8 
Cd Cdis PA 100 2400-200 2,9 2D) 
Gd.0 Gd155 14,8 30 , 
205 Gdts7 i5°7 79 | }44000-2000 | 0,78 12,9 


The Sm903 and Gd2g03 samples were prepared by settling from an alcohol 
suspension of the oxide powders onto a 10 » thick aluminum backing. The cad- 
mium sample was prepared by thermal sputtering of the metal under vacuum on 
similar 10 yu aluminum foil. 

It must be noted that thermal neutron capture y-rays can eject photoelec- 
trons from the sample and that these electrons will have the same energy as 
the internal conversion electrons. Evaluations showed, however, that the 
contribution by photoelectrons to the conversion peaks did not exceed 1% in 
the case of our samples. 


Experimental Results 


The conversion electron spectra of Smg03, Cd and Gdg0, are shown in 
Figs.2, 3 & 4. The line half-width is 1.6% at electron energies of 150 kev. 
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Fig.2. Conversion electron spectrum of Sm150, 
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Fig.3. Conversion electron spectrum of call4, 
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Fig.4. Conversion electron spectrum of Gd156 and Ga158, 
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The data on the energies and multipole orders of the transitions in the 
investigated nuclei are summarized in Table 2. The multipole orders were 
determined by comparing the ratios of the areas under the K and L conversion 
lines, i.e., the experimental K/L ratios, with the theoretical ratios obtained 
by interpolation of Rose's data5, 

The multipole orders of the transitions were also established by another 
method, namely, by determining the K shell conversion coefficients (dq) ex- 
perimentally and comparing these values with the computed values given by 
Sliv & Band®, By comparing the areas under the K peaks pertaining to the 
same isotope (or different isotopes) one can determine the K conversion co- 
efficients for different y-transitions if the coefficient for one of them is 
known. For the last we chose the 337 kev y-transition in Sm150 for which we 
assumed the conversion coefficient to be equal to the theoretical one. 
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Table 2 
. 6 
: K/L, theoretical eG dy, theoretical ed 
Iso— rs e eee 
bapa 4 |K/L, exp. An 
ee Ei} £2] e3| Mi{m2} & | mt | ge | ea | mal me e8 
x 
5) 
Sma os) ogs7eal 440.9 | 8 4,252.5] 7.5/6, — | =| soak | | ome 
33) 44414] 4,841,5%%] 18] 25,4] ~3,5] ~7,5 oe Te CU I EES re 
=2) | (—3)} (—2) | (-2) | —2)] (-2 
cae | 42] 55344] 6,0L1%* | x8] ~6,5) 15 | ws | n8l5,5a2s\ 12) “G2 |Ciel Geltae| ze 
easel arta (=8) | (—8) | (—8) | (2) | (—3)) C2) 
—| 19743] 1,640,5*4| 27] 02 | wt | a7 | ~ 
Gare | — (i932 7 Slt Se 
—| 18042] 1,740,3 | <7) 02 | a4 | a7 | a 
Gd —| 109+5 aa 
Hg | 20] 36845 
Dy | —|~106 | 


*I=intensity in terms of number of y-transitions per neutron capture. 
** Actually K/(L + M), 


**¥In all cases figure in () is the exponent for 10, i.e., (-2) ~10-*, etc. 


The areas S under the K peaks reduced to equal Ho intervals are propor- 
tional to the number qo of absorbed neutrons, the 7y-transition intensity I 
expressed in terms of number of y-transitions per neutron capture (for Sm and 
Cd the values of I were taken from Ref.4), the K conversion coefficient OQ, 
and a certain factor § which takes into account the effect of electron scat- 
tering in the sample and in the first counter: 


Ss “~ Aq 1045. 


With this method of determining the conversion coefficients one must know 
the transition intensities and in comparing the K peaks pertaining to differ- 
ent isotopes one must also know the thermal neutron capture cross sections and 
the number of nuclei in the sample (we took the value of the capture cross 
section for Sml429 to be 66,200 + 2500 barns - Ref.7). 

The factor § can be regarded as a double one: = 81°52, where 6, takes 
into account the effect of electron scattering in the sample and 8g the ef- 
fect of scattering in the first counter. We took $] = 1 for electron ener- 
gies above 100 kev in view of the results of the above mentioned experiments 
with Gd samples of different thickness. The value of 59 was calculated making 
certain approximations. The greatest effect of taking this factor into ac- 
count for electron energies above 100 kev was ~15%. For a more accurate evalu- 
ation of the effect of scattering in the first pass-through counter, it would 
be necessary to determine the electron energy dependence of 89 experimentally. 

At electron energies under 100 kev, in addition to the line broadening 
effect, there was observed an appreciable decrease of the factor Sg. Here 
determination of the line intensities became unreliable and, consequently, we 
did not attempt to determine the multipole orders of the transitions associ- 
ated with the peaks due to electrons of under 100 kev energy. 

The multipole orders were determined for the 337 and 444 kev oe eT 
in sm150, the 553 kev transition in Cd114, the 197 kev transition in Gd 6 
and the 180 kev transition in Gai58, The resultant assignments for all these 
transitions are E2. This deduction is in agreement with the results of other 
investigations (Refs.1-3). Since the uncertainty in the theoretical values 
of the conversion ratios is not known accurately, however, our eb do 
not preclude the assignment E3 for the 197 kev transition in Gd and the 
180 kev transition in Gcal58. This is why the E2 assignment for these transi- 
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tions is given in parentheses in Table 2. 


Notes: 
1. In the spectrum of Sm203 (Fig.2) there appear conversion lines cor- 


responding to 7y-rays of 512 + 4 kev energy which appear as a result of the 
photoeffect on the atoms of the sample, due to annihilation quanta from the 
reactor channel. 

2. Hibdon & Muehlhause observed a 97 kev transition in the spectrum of 
cal14, which corresponds to a K electron energy of 70 kev. Our experimental 
statistics in this energy region do not allow of resolving this peak clearly. 

At an electron energy of ~630 kev there appear in the spectrum of Cd 
conversion electron peaks from a 660 kev transition? >»4. Owing to the low 
transmission of our instrument, we were not able to resolve these peaks. 

3. In identifying the isotopes responsible for the conversion lines in 
the spectrum of Gd (Fig.4), we used the data of Refs.8 & 9 on Coulomb excita- 
tion of gadolinium isotopes. The low-intensity 109 kev transition remained 
unidentified. 

Preliminary measurements of the internal conversion electrons emitted 
in thermal neutron capture by Dy and Hg indicate the presence of an isomeric 
transition of ~106 kev energy in Dy 165 (Ty /2 x1 min) and a 368 + 5 kev 7- 
transition in Hg200, 
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NEUTRON-DEFICIENT ISOTOPES OF THE RARE EARTH ELEMENTS FORMING AS A RESULT OF 
SPALLAT ION OF Ta UNDER BOMBARDMENT WITH 660 Mev PROTONS. Part II* 
~ G.M.Gorodinskii, A.N.Murin, V.N.Pokrovskii & B.K.Preobrazhenskii 


The investigated elements of the rare earths group were separated from a 
tantalum target bombarded in the Joint Institute for Nuclear Research synchro- 
cyclotron with 660 Mev protons and separated chromatographically. The experi- 
mental procedure and the results obtained for the isotopes with mass numbers 
from A = 173 to A = 165 were described in Part I (Ref.1). In the present arti- 
cle we shall describe the results for the isotopes with mass numbers from 160 
to 134. The omission of mass numbers in what follows means that no correspond- 
ing isotopes with periods allowing of investigation were found among the re- 
action products. 

A = 160. The observed Er and Ho isotopes with mass number 160 form a 
genetic chain (Fig.1). According to Nervik & Seaborg2 the decay of Eri60 is 
not accompanied by y-rays. This was confirmed by 
our observations. Thus the disintegration of Er160 
han goes directly to the ground and isomeric levels 

ial of Hol60, The existence of the isomer Hol60m(T) /2= 
= 5 hours) was definitively established in the 
investigation of Ref.3; the energy of the trans- 
ition (electric) is 60 kev. 

In order to determine the relative transition 
probabilities to the isomeric and the ground levels 
of Hol60 we carried out the following experiment. 
The Er160 sample was chromatographically separated 
from the daughter elements. We followed the in- 
tensity of the y-lines associated with the trans- 


os itions between the levels of Dy160, The intensity 
Fig.1. Decay scheme for of these lines at first increased with accumula- 
A = 160. tion of Hol60 4 yol60m and then fell off with a 


period equal to that of the parent Er!60, we chose 
the most intense 86 and 198 kev lines for ob- 
servation (see Fig.1). The observations were 
started 1-2 minutes after purification of the 
Er160 and were continued without interruption 
for two hours with the period of each measure- 
ment being 12 min. After the initial 2 hours 
the intervals between measurements were in- 
creased. In all, the measurements were made 

Experimental curve over a period of 5 days. 

Fig.2 shows the results of the measure- 

ments made during the first 12 hours on the 

86 kev line (the 198 kev line yields the same 

picture). For the sake of simplicity, we show 

- 2 4  & §& © thr only the initial part of the curve. The Tj/2 = 

Fig.2. Variation of the intens- = 30 hour exponential curve was obtained by 

ity of the 86 kev y-line from extrapolation of experimental data not shown 


100 


Ui 


7-33 min 


1 


the Er160 sample chromato- in the figure; the other exponentials were 
raphically separated from ram 

#0160 (zero on the time scale *For Part I see Bulletin of the USSR 

for the experimental curve is Academy of Sciences, Physical Series, Vol.21, 
the time of beginning of No.7, 1005. 


measurements). 
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It can readily be shown that the general 


; i nd resolution. 
obtained by analysis a ntensity given by the 


analytic expression characterizing the variation in i 
curves of Fig.2 is of the form 


T= Ae + Be->xt +4. Ce-ist , 


where On 
Na Aid oe ee 
Ares (Bae + (1—a) ae + «8 (Az — Ae) (As — Aa) 
AyAg AAAs 
B= a() — 6) oe eo apenas Open Jae 


AAs AyA2A3 
Gd =) ae ae (Ar — As) (Az — As)” 


Here Q@ is the relative abundance of the decays of Er160 (T, = 29.4 hours) 
leading to formation of Hol60m (Tj = 5 hours); (1 - @) is the fraction of de- 
cays to the ground state of Hol60 (Tg = 22 min); B is the fraction of isomeric 
transitions in the decay of Hol60m (qo160m_,90160) , (1 - 8) is the fraction of 
decays of the Hol60m isomeric state to the levels of dysprosium (Hol60m_spy160) 
and Aj = 0.693/Tj. 

By analytic resolution of the curves shown in Fig.2, we obtained three 
exponential curves with periods of 30 hours (Erl60, T)/2 = 29.4 hours), 5 
hours (Hol60m , T1/2 = 5 hours) and 33 min (Ho160 , T1/2 = 22.5 min). The ex- 
cessively high value of the last period can be explained by the difficulties 
of resolution. Resolution of the curve of Fig.2 allows of finding the values 
of A, B and C, i.e., of calculating @ and Bp. For @ we obtain 0.85. This 
means that about 15% of the disintegrations of Er160 feed the ground level 
of Hol69, This evaluation is admittedly rather rough, but the error involved 
can hardly exceed 8% (1 - @= 15 + 8%). Thus under the most extreme assump- 
tions, the fraction of decays to the isomeric level must lie within the range 
from 76 to 92%. 

The presence of an appreciable decay branch to the ground level of Ho1l60 
appears somewhat strange inasmuch as the spin of this level is apparently 5. 
Thus according to Peker* the spin of the odd-odd 67H0$ 8° is given by {Q,+0,]| 
where 2, and ©, are, respectively, the momenta associated with the odd pro- 
ton or odd neutron. In our case 2, = 7/2- (spin of g7Hodt, see Ref.5) and 
Q, = 3/2- (spin of g4Gdg37, see Ref.6), i.e., Hol60 may have spin 2 or 5, but 
spin 2 should be attributed to the isomeric level inasmuch as the major portion 
of the decay of Er 60 goes to this level. 

The y-spectrum of Hol60m 4 yo160 consists of lines of 86, 198, 300, 525, 
650, 730, 880 and 965 kev energy and a doubtful line at 400 kev. In our 
mei beeen cae did not detect the 60 kev y-line associated with the isomeric 
Ho —?»Ho transition inasmuch as its intensity is low (the transition is 
strongly converted) and it is not resolved from the intense Dy x-radiation 
(45 kev). Our data on the spectrum of Hol60 are in agreement with those of 
Nervik & Seaborg”. True, these investigators do not list the 300 and 525 kev 
y-lines which are weaker than the others. We note that the 525 kev Y-line is 
apparently a doublet. 

With the data available it is still impossible to construct a level dia- 
gram for Dy160, At present we can only indicate that the 86 and 198 kev lines 
apparently form a rotational band of the type common to even-even nuclei. We 
note further that the higher energy 7Y-lines do not fit the level scheme for 
Dy given in Ref.7. 

A = 159. Among others we separate the long-lived isotope Dy159 (T1/2 = 


= 134 days); no y-rays from it were observed, which is consistent with the in- 
formation in the literature.5 ; 
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A= 157. In the Dy fraction (separated from Y) we observed an activity 
falling off with a period of 8.5 hours. In accord with Handley & Olson® this 
activity was attributed to Dyl57 (8.2 hours). The y-spectrum of Dy157 consists 
solely of a 325 kev line as reported by Handley & Olson. We note that in Sea- 
borg's Table of Isotopes? the y-spectrum of Dy157 is erroneously shown to have 
a 177 kev line although in their original reference article,Handley & Olson® 
state that this is a Compton peak due to the 325 kev y-ray. 

A = 156. The separated Tb fraction may have contained TbL56 (see below 
under A = 155). 

A = 155. In the 7-spectrum 
N, arb.units \227kev of the Dy fraction we observed 
a distinct 227 kev line (see Fig. 
3 which also illustrates one of 
the techniques employed in the 
present investigation, namely, 
automatic recording of the 7- 
spectrum), the intensity of which 
fell off with a period of 10 
hours. 

Further we found that as a 
result of decomposition of the 
Dy isotope with T,/g = 10 hours 
there is formed a Tb isotope 
whose half-life is ~5 days. This 
was established both by means of 


325 key 
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Fig.3. Gamma-spectrum of the Dy fraction, chromatographic separation of 
plotted in the form of a histogram. Each the Tb from the Dy fraction and 
"step" is equivalent to 1 v. The x-radia- by observation of the increase 
tion was attenuated by a 0.3 mm Cu + 0.15 in intensity of the Tb lines in 
mm Sn absorber. The identified Tb lines the y-spectrum of the Dy frac- 

in the soft region are from Tb that accumu- tion. 

lated in the Dy sample between the time of According to Seaborg's Table® 
separation and the time of measurement. and Handley & Lion? the ~5 day 


activity could belong either to 
TpHL56 or Tpl53, We note that according to Seaborg's Table this activity could 
also be attributed to Tb457, but it has been established by Handley and his 
co-workers® »9 that the half-life of Tb157 is either less than 30 minutes or 
greater than 25 years. Inasmuch as Dy156 is stable, it was natural to assume 
A = 153 for the Tb; this assumption was seemingly substantiated by the fact 
that Gdl53 was separated from the Dy fraction (see below under "A = 153"). It 
is shown in a recent communication! , however, that the period of the isotope 
TpLos is 5.6 days and that it had a complicated y-spectrum comprised of the 
following lines: 18.9, 26.7, 31.6, 45.6, 60.2, 86.7, 101.4, 105.6, 148.8, 160.8, 
161.5, 163.4, 180.4, 181.6, 221.2, 239.7, 262.6, 340.8, 368.3 kev. 

According to our data the y-spectrum of the Tb isotope with T1/2 @& 5 days 
consisted of lines having the following energies 90, 170 (group) , 270 (group) 
and 365 kev. Taking into account the limitations of the scintillation spectro- 
meter and the complex character of the spectrum (which incidentally included 
activities with other periods), we feel that the agreement is sufficient to 
attribute mass number A = 155 to the Dy and Tb isotopes in question. 

The above listed y-lines were cbserved by us not only in the spectrum 
of Tb separated from Dy but also in the spectrum of the Tb fraction; further- 
more no other lines falling off in intensity with a ppEhod sof ~5 days were ob- 
served in these spectra. Hence, since the presence of Tb isotopes in the 
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Tb fraction is possible (in contrast to the case of the Tb sample separated 
from Dy), one can in principle assume that if Tb156 was present among the prod- 
ucts of fission of Ta, its y-spectrum is similar or identical with the 7-spec- 
trum of Tb155, This inference is partially substantiated by the data on the 


y-spectrum of THL56 given by Handley & Lion?, 
A = 154. Tb1+54 could be present in the Tb fraction (see below under A = 


ae = 153. Together with the Tb155 (5 day), two other activities with 
periods of ~3 and 8 days were separated from the Dy fraction (for more details 
on these see below under "Unidentified A values’). Exactly the same activities 
were detected in the Tb fraction. Further, 10 days after the initial separa- 
tion we succeeded in separating from the Dy fraction a Gd isotope which was re— 
liably identified as Gal53, This same Gal53 isotope was present among the 
daughter elements separated from the Tb. 

Thus among the Dy isotopes there was present Dy153 which decays without 
emission of y-rays and has a period close to 10 hours. We cannot as yet de- 
cide between the alternative values for the period of Tb153; 3 or 9 days. In 
any case its half-life differs from the 5.1 day value given in Seaborg's Table” 

The Gd A = 153 isotope (~200 days) was detected not only among the daughte 
nuclides of Dy and Tb but also in the Gd fraction itself. The observed 7-spec— 
trum of Gd153 consisted of a weak 70 kev line and a 100 kev line, which is in 
agreement with Ref.7. The 97 and 103 kev lines listed in Ref.7 were naturally 
not resolved in the present measurements. 

A= 151. In investigating the Tb fraction, we detected an activity with 
a period of 20 hours. According to Seaborg's Table” and Handley & Lion? it 
may belong to either Tb154 or Tb151, The y-spectrum of this isotope is very 
complicated and hence very difficult to analyze. It may be said that it com- 
prises a ~270 kev line (probably a group), a 345 kev line (the most distinct 
one) and numerous higher-energy lines. 

Long-lived (150 day) Gd151 was present in the Gd fraction and probably 
among the daughter elements separated from Tb. The observed y-spectrum con- 
sisted of lines of 154 and 247 kev energy. This does not conflict with the 
fact that Seaborg's Table® lists a 265 kev line (based on absorption measure- 
ments). 

A= 149. A 9-day activity present in the Gd fraction was attributed to 
Gal49 on the basis of the indications of Seaborg's Table. According to our 
measurements the y-spectrum of Gd!49 contains lines of 150, 300, 347 and 520 
kev energy (the last is probably a doublet). 

A = 147. In the radiation from the Gd fraction we observed activities 
with periods of about 1.5 and 60 days which we could not associate with any 
of the known isotopes of gadolinium. At the same time the characteristic 
lines of Eul47 (see below) appeared in the Y-spectrum of the Gd fraction some- 
time after separation. Through a number of consecutive chromatographic separa-: 
tions of Eu from the Gd fractions (for control purposes the main Gd fraction 
was separated into several parts and the Eu was separated therefrom at differ- 
ent intervals), we firmly established that the parent of Eul47 is the Gd iso- 
9 tick Tyg 1.5 days. According to our record the y-spectrum of ~1.5 day 
Gd consists of lines at oot 370 and 390 kev (the last two lines were poorly 
resolved). The presence of Eut47 among the daughter nuclides separated from 
Gd and in the Eu fraction was established both from its period (24 days) and 
on the basis of the y-spectrum, which contains lines of 120 and 200 kev energy. 
The intensity ratio of these lines is 1.0: 1.56. 

Through analysis of the spectrum of Eul47 (Fig.4) recorded with the "0" 
geometry (i.e., with the sample in the immediate proximity of the scintillation 
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N uni 
sar pee crystal - see Part I) under the 


usual conditions and with a 0.3 
mn Cu + 0.15 mm Sn absorber, 
which sharply reduced the intens- 
ity of the x-radiation, we were 
able to draw a number of import- 
ant deductions in addition to 
evaluating the relative intens- 
ities of the lines. First, the 
fact that there exist peaks due 
to coincidences of the 120 and 
200 kev y-rays with the x-radia- 
tion (40 kev) indicates that the 
120 and 200 kev 7y-rays from Eul 47 
Bee PEC, od GF a coincide with the x-rays from 
iid ds et whee Sm147, This deduction was sub- 
stantiated by experiments on a 
y-y coincidence set-up (resolv- 
Fig. 4. Eul47 y-spectrum recorded using the ing time 10-6 sec). It may be 
"0" geometry with a 0.3 mm Cu + 0.15 mm Sn noted here that the 120 and 200 


— we Oe ee ee ee 
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absorber (solid line) and without the ab- kev y-rays themselves do not 
sorber (dash line). The peaks in the re- give coincidences. Second, the 
corded spectrum are due to coincidences of 80 kev y-line, which in an earli- 
K capture x-rays with x-rays from conver- er investigation!1 we took to be 
sion and to coincidences of 120 and 200 kev a true line, is actually a peak 
y-rays with x-radiation. due to coincidence of x-rays 


from K capture and from conver- 
sion. Finally, having evaluated the intensity of this peak one can determine 
the conversion coefficients. Thus the area under the coincidence peak 


Sxe+xXK —— Ax Kip (Vx, Y-120 a5 Nx, +y-200) 


where A is the relative probability of K electron capture (referred to proba- 
bility of Ly electron capture), wx is the K shell fluorescence yield, K4p is 
the efficiency of the scintillator in detecting 40 kev photons and Nyx, is 
the number of x-ray quanta produced in the conversion of the y-rays. Having 
determined Wy, y-199 + Vx, y-200 From our data and knowing the ratio of these 
quantities, which is equal to the ratio of the K line intensities associated 
with the corresponding transitions in the conversion spectra, we could readily 
determine Nx,,-19 and Nx, y-200 separately and calculate the K conversion co- 


efficient: 
ax = Nx,> /oxN, 5 


also ox =Nex/N,, where NV, is the number of conversion electrons from the K 
shell and JV, is the number of y-rays, but Nex=WNx,,/®x. Utilizing the fact 
that Nx, y-120/ Nx, y-20 = 44 (Ref.12), we obtained from our data Ok-120 = 1.34 


and ae = 0.195. 
Sees values are in satisfactory agreement with the theoretical values of 


Ok-120 = 0.9 (M1) and Ox-200 = 0.22 (E2) given by Sliv & Band!3 for the indi- 


cated multipole orders. The tabular values of Ox for radiation of other multi- 
pole orders differ appreciably from the above values deriving from our experi- 

tal data. 
i Further, taking K/L from Ref.12 and adding ~30% for conversion in the M 
shell one aoe calculate the total coefficients for the 120 and 200 kev trans- 
itions and then the population of the levels (the total number of transitions 
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ig determined from the intensity of the x-radiation) ,, 
The results obtained in this manner are shown in 
Fig.5. 

A = 145,* We attributed an activity with a 
period of ~60 days, observed in the Gd fraction 
to Gdl45, an isotope not hitherto described in the 
literature. The mass number of this isotope was 
established in the same way (and with the same de- 
gree of dependability) as in the case of A = 147 
(see below). We note that the daughter element Eul4é 
was identified only from its period inasmuch as its 
Fig.5. Decay scheme for y-spectrum has not been described. 

Eul47, The y-spectrum of Gal45 has only one line lo- 
cated at 115 kev. Earlier!! we also attributed y- 
lines of 640 and 750 kev energy to Gal4s, a more 
careful investigation showed however that these 
lines belong to Eul4s, According to Anton'eva et 
all2, the 115 kev line is a narrow doublet with 
energies 114.5 and 115.1 kev. The observed "self- 
coincidences” of the 115 kev gammas substantiate 
this and also indicate that these transitions are 
in cascade. 

According to our revised data, the 7-spectrum 
of ~5 day Eul45 consists of a 636 and a 745 kev 
line with an intensity ratio of 1.0 : 2.3. The in- 
crease in the intensity of these lines in the spec- 
trum of Gd chromatographically separated from Eu 
substantiates the data on the periods of the parent 
and daughter elements. On the basis of all the data 
now available we propose the decay scheme shown in 
Fig.6. 


Fig.6. Decay scheme for A = 140. We attributed an activity with Ti 72 
A = 145. 3.5 days observed in the Nd fraction to Nal40 


(T, so =_3.3 days). In agreement with the assumed 
genetic series Nal 40_Kspp1 401426140" we observed a 510 kev annihilation line 
in the y-spectrum of the Nd fraction (incidentally, this is the only clearly 
distinguishable line in this spectrum) and also detected positrons with an 
end-point energy of 2.3 Mev (2.23 Mev in Seaborg's Table®). 

Inasmuch as earlierll other lines were also noted in the y-spectrum of 
Nd, we made a special attempt to establish the presence of lines belonging 
to pr140 and fitting into the level diagram of Ce!40 (Ref.7). We detected 
a line at 1600 kev associated with the transition from the first excited level 
to the ground level of Cel 40, however, the very low intensity of this line 
and the presence of a large number of other lines (apparently belonging to 
other Nd isotopes - see below) precludes unambiguous interpretation of the 
experimental results). 

A = 139. In the y-spectrum of the Pr fraction we observed an annihila- 
tion line at 510 kev whose intensity fell off with a period of ~4 hours. It 
was ascribed to the decay of Prl39 (T) 5 = 4.2 hours5). At the same time, we 
observed an increase in intensity of the 166 kev line belonging! to 140 day 
Cel39 which was also detected in the Ce fraction. 

*Note added in proof. We are now of the opinion that the Cd and Eu | 
isotopes described in this section actually have mass number 146, : 
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A=4134. For pu mass number we substantiated the existence of the 
genetic series Cel34£4,,913448 2134 with the characteristics described in 
the literature®. 


Unidentified A values. In this paragraph we shall describe some of the 
observed activities which for diverse reasons could not be identified. 

1. In the Tb fraction and also in Tb seperated from Dy we observed acti- 
vities with periods of about 3 and 8 days. The ~3 day activity includes lines 
of ~100 and 205 kev energy; the ~8 day activity consisted of a 100 kev y-line. 
The structure of the y-spectrum in the 100 kev region (as, incidentally, of 
the entire y-spectrum of Tb) is very complicated. The intensity of this “line” 
in the spectrum of the Tb sample separated from Dy at first fell off with a 
period close to 5 days and then at an appreciably slower rate. Resolution of 
the intensity decay curve yielded the half-life values of ~3 and ~8 days, 
which does not necessarily exclude the possibility of there being a line with 
Ti/2 = 5 in this region (according to the data of Ward, Jacob & Mihellich!® , 
for example, the spectrum of Tb155 includes 101.4 and 105.6 kev lines). Analy- 
sis of the y-spectrum for the Tb fraction leads to the same deductions except 
that in this case there is also the possibility that there may be a Tb 7-line 
with a period of ~20 hours in the 100 kev region. 

Inasmuch as the data in the literature on the radioactive isotopes of Tb 
are somewhat conflicting (see, for example, Refs.5, 9 & 10), we hesitate to 
make positive identification of the observed activities. One of them (~3 
days) may belong to Tb153 (see under A = 153 above). It should also be noted 
that the~8 day Tb isotope has as its parent Dy decaying without emission of 
y-rays and having a period of several hours. The daughter of ~8 day Tb must 
be a stable or very long-lived Gd isotope. 

2. Lines at 275, 330, 434 and 524 kev (the last two probably multiplets) 
were found in the spectrum of the Eu fraction, recorded an appreciable time 
after separation. A check (i.e., an attempt to separate the daughter elements 
from the Eu fraction) substantiated the attribution of these lines to Eu iso- 
topes - probably 120 day Eu!49 or 59 day Eul48 or a mixture thereof. The 
daughter activity separated from Eu had a negligible intensity and was not 
investigated. 

It was established in the investigation of Ref.15 that the fission prod- 
ucts of Ta include Gd and Eu isotopes with A = 146. These isotopes were not 
clearly evinced in our experiments but there are indications that the infer- 
ences of Ref.15 are correct. 

3. In the y-spectra of the Nd, Pr and Ce fractions we observed a rather 
large number of very weak y-lines which it is difficult to attribute to defin- 
ite isotopes inasmuch as in this region of Z and A values the situation is 
complicated by the fact that here in irradiation of Ta with fast protons there 
may form not only neutron-deficient but also neutron-rich nuclei. eee for 
example, (according to preliminary data), in Loca poet there may be , 
present both the neutron-deficient isotopes Nd and Nd and the eae 
rich isotopes nal47 and nal49, in the Pr fraction both neutron=deficient ee 
and pr?38 and neutron-rich Pr142, pr134, etc. The low intensity and comp os ; 
character of the observed y-spectra en it impossible to substantiate or s 

f neutron-rich isotopes. 
Seidel AA on Pinstocd of a review of the mass spectrum of the aes 
earth isotopes obtained from spallation of Ta by 660 Mev Laat. eee ce - 
the appropriate section of the Segre diagram (Fig.7); wherein the isotop 
ntified. 
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INVESTIGATION OF THE DECAY OF Ppri44, Rh196 ann cgl34 
BY MEANS OF A SCINTILLATION SPECTROMETER 
- E.,I.Firsov & A.A.Bashilov 


Procedure and equipment 


We constructed a single channel spectrometer employing NaI(T1l) and CsI(T1) 
crystals and FEU-19 M and FEU-12 photomultiplier tubes. The resolution of the 
instrument is characterized by the following data: half-width of the Cs!37 661 
kev line - 6.7% for the NaI(Tl) and FEU-19 M (specially selected tubes) combi- 
nation, 9% for the FEU-19 M and CsI(T1) combination and about 10% for the 
FEU-12 tubes with NaI(Tl) and CsI(T1l) crystals; in the last case the stability 
of operation is appreciably better than in the other cases. The instrument is 
characterized by good linearity from 84 kev (Tm170) to 2.7 Mev (Na24). In ad- 
dition, in the work we used a 50-channel pulse height analyzer based on a 
storage tube designed by 0.V.Viazemskii (Leningrad Electrotechnical Institute) 
and a 56-channel analyzer with a mechanical register designed and constructed 
in our laboratory. We also used a fast-slow coincidence circuit with energy 
discrimination, having a resolving time of 5:1078 sec. For investigating the 
different y-ray energy intervals we made extensive use of absorbers of differ- 
ent thickness and sources having different activities. All the samples were 
subject to careful chemical purification. 


pri44 is a link in the radioactive chain Cel44Psprl44f,nql44 deriving 
from the fission of uranium.! The half-life of Cel44 is 282 days?; that of 
pri44 is 1.5 min.1 

1. The B-spectrum of pri44 has been investigated by a number of authors3-8 ; 
according to the reports it comprises components with end-point energies of 
0.8 Mev (3%), 1.3 Mev, 2.3 Mev (12%) and 2.97 Mev (85%) . 

2. The y-spectrum of Pr144 was studied in the investigations of Refs.5, 
6, 9, 10 & 11 and is reported to comprise y-rays of 0.695, 1.49 and 2.185 Mev 
energy. There are indications®,11 of the existence of y-rays having an energy 
greater than 2.25 Mev. 

3. Angular correlation measurements of the y-rays of pri44 were made by 
Alburger & Kraushaar for the purpose of making spin assignments. Of the two 
possibilities allowed by the observed correlation, they give preference to 
1-2-0 (D-Q). Accordingly the ground state of Ndal44 has spin 0+ (even-even 
nucleus). The energy of the first level is 0.695 Mev3>5, the 2.185 Mev level 
has spin 1- according to Emmerich, Auth & Kurbatov®, who also note that the 
2.185 Mev level may be the third or a higher level. It is inferred that there 
may be a level with spin 4+ between the 0.695 and 2.185 Mev levels. 


our _results 


We investigated the 7-ray spectrum of pal44 in the range from 0.7 to 2.2 
Mev using the 50-channel storage-tube pulse height analyzer. We observed peaks 
at 2.18, 1.49, 1.1 and 0.7 Mev, having relative intensities of 100, 30, 2 and 
150, respectively. In investigating the spectrum in the 2 to 3 Mev interval 
on the single channel and 50-channel analyzers, we also detected weak lines 
with energies of 1.7 and 2.8 Mev and relative intensities of 2 and 2.5 (re- 
ferred to 100 for the 1.18 Mev line); the 1.7 Mev line was poorly iene 
because it is overlapped by the Compton effect from the 2.18 Mev line. The 


a9 
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general appearance of the 7-spectrum is shown in Fig.l. 
The 1.1, 1.7 and 2.8 Mev y-rays have not been ob- 


served earlier. 


close to the difference 2.18 Mev - 2 mc? = 
i.e., the energy of pair formation in the crystal by 
If this were actually the case, how- 


2000 
2.18 Mev 7-rays. 


The energy of the 1.1 Mev peak is 


1.16 Mev, 


ever, the peak should have been lower than observed. 
Nevertheless we carried out a control experiment: we 
studied the 2.18 and 1.1 Mev lines on the l-channel 
spectrometer without an absorber and with a 4.5 cm lead 
absorber. 


1000 


E,, Mev 


e 


Fig.1. General appearance of the y-spectrumn 


of prl44, 


N, pulses/min N, palses/min y 


a | 


200 f 50 


The resultant spectra are shown in Fig.2. 


The: 
relative weakening of the line 
(by a factor of three) is some- 
what lower than the calculated 
value; thus, apparently, the peak 
at 1.1 Mev should be regarded as 
the combined peak due to 1.1 Mev 
y-rays and the absorption maximum 
associated with electron-positron 
pair production by the 2.185 Mev 
y-rays. 

Using the slow-fast coinci- 
dence two-channel spectrometer we 
observed coincidences between the 
0.7 & 1.49 Mev and the 1.1 &1.7 
Mev yY-rays. The results of these 
measurements are shown in Fig.3. 
A further series of measurements 
carried out after careful chemi- 
cal repurification of the samples 
substantiated the given results. 
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Fig.2. a) Ihe Al and 2.18 
on the single-channel 


an absorber; b) the same y-lines recorded sd @ ( 


Pb absorber. | 


coincidence circuit (t 
y-line; second channel 


Mev y-lines recorded 
spectrometer without 


E Mev 
under the same conditions but with a 4.5 cm Fig.3. pri44 coincidence spectrum © 


(chance coincidences subtracted) 


= 5°10-8 sec): a) with first channel set for the 0.7 Mev 
swept; b) with first channel gated for the 1.1 Mev y-lin 


obtained by means of the slow-fast 
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Decay scheme of pri *# 


The decay schemes proposed in Refs.2, 4 & 5 
are similar as regards arrangement of part of 
the excited levels of Nd!44 and apparently do 
picture the actual level diagram of nal44, our 
results are not in conflict with these schemes, 
but they do allow of supplementing them in detail. 
Thus to situate the 2.8 Mev transition one must 
introduce a level with an appropriate energy 
which may be excited by a B-transition with an 
end-point energy of 200 kev. That such a B- 
component may exist is indicated by Cheng, John 
& Kurbatov4. In view of the coincidences between 
the 1.1 and 1.7 Mev y-rays it may be assumed that 
these y-rays are due to a cascade transition from 
the 2.8 Mev level. In analyzing the results on 
the coincidences of the 1.1 and 1.7 Mev Y-rays, 
Fig.4. Decay scheme of Pr144, we note that no other true coincidences should 

be observed (in the light of the extant decay 
schemes for prl44y in these energy intervals. In this case we have an altern- 
ate choice for the energy of the intermediate level, but in view of the data 
of Cork, Brice & Schmid? who observed a 8-component with an end-point energy 
of 1.3 Mev, it is more plausible to place this level at 1.7 Mev. Emmerich, 
Auth & Kurbatov® speak of the possibility of a level with spin 4+ between 2.18 
and 0.7 Mev. Thus the 1.1 Mev y-transition may logically be situated between 
the 2.8 and 1.7 Mev levels. The proposed scheme is shown in Fig.4. Approxi- 
mate balancing of the transition intensity does not conflict with the scheme. 


+ 
m7, a 
Na 


Rh106 


Radioactive Rh1!06 is a member of the series Rul06LsRpnl06_Lypq106 occur- 
ring as a result of uranium fission. The half-life of Rul06. is 280 days, that 
of Rh106 is 30 sec.! The existence of an isomeric state of Rh106 with period 
of 117 min has been inferred. 12 

1. The B-spectrum of RnLO06 has been investigated by Alburger!3 and Pea- 
cockl4. It is reported to comprise components with end-point energies 3.53, 
3.1, 2.44 and 2.0 Mev. 

2. The y-transitions in Rh1O6 have been investigated by a number of au- 
thorsl3,15-1 . Gamma-rays of the following energies have been observed: 0.51, 
0.624, 0.87, 1.045, 1.13, 1,55je1277, 1.:96',) 2::1%,7.2. 42 and 2.66 Me 

3. y-y Coincidences have been studied by Kraushaar & Goldhaber’°, Arfken, 
Klema & McGowan29 and Klema & McGowan2!. Coincidences between the 0.513 & 
0.624 Mev y-rays and the 0.513 & 1.045 Mev y-rays are reported; there are no 
coincidences between the 0.87 & 1.045 Mev y-rays. 

4. The angular correlation of the y-radiation was investigated repeatedly 
(Refs.18 ,21,23-26). The results show good agreement as regards multipole order 
assignments: 0.513 Mev —- E2, 0.624 Mev - E2 and 1.045 Mev - E2 & Ml. 


Our results 
We investigated the spectrum of Rn1O6 py means of the single-channel 


spectrometer and the 50-channel pulse height analyzer. The spectrum was studi- 
ed in sections using appropriate lead absorbers and samples having different 
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activities. The y-spectrum was investigated up 
to about 4.5 Mev. Sixteen y-lines having the 

i following energies were observed: 0.513, 0.624, 

Paine 1,045,°1213,00.55, 1077, 1.85,61.96,62.09mmescen 
ve 2.42, 2.93, 3.05 and 3.42 Mev. The respective 
relative intensities were 100, 50, 8, 1, 1, 1, 
025,» 0.370025 55. 0507, 0. 3,90n1 7 Ol; 0lL sO. 00Smanc 

0.005. The results are shown in Fig.5. 

A second series of measurements was made 
after chemical purification of the RuL06 sample; 
the results were identical with those of the 
first series. 


Decay scheme of Rh106 


2,86 Mev v 


| 392 Mer Wy 
305 


0 50 100 


v Fig.6. Decay scheme of Rh106, 
Fig.5. Sections of the y-ray spectrum 
of Rh106 in the range from 1.5 to 3.5 Analysis of the decay schemes for 
Mev. The x-axis is scaled in pulse Rh106 given in the literaturel5,18 & 19 
heights in volts. The sections overlap shows that one may regard as reliably 
to permit comparisen of intensities. established the existence of the follow- 


ing excited levels of pdl96;, 0.513 Mev 
(2+), 1.137 Mev (0+), 1.55 Mev (2+), 2.28 Mev, 2.42 Mev (2+) and 2.66 Mev. The 
spin.of the ground state of Pd106 is 0+ (even-even nucleus). In order to fit 
the 3.05 and 3.42 Mev y-transitions into the decay scheme one must introduce a 
couple of levels with appropriate energies. The introduction of such levels 
is obviously predicated on the presence in the B-spectrum of Rh106 o- compo- 
nents with end-point energies 0.1 and 0.14 Mev. The 1.76 and 1.85 Mev levels 
were introduced by Alburger1!5 in order to account for the 1.24 and 1.85 Mev 
transitions observed by him in the decay of Agi 96, as was noted above, however, | 
y-rays of 1.85 Mev energy were observed by us in the decay of Rh106 and can be | 
regarded as due to a transition between the 3.42 and 1.55 Mev levels in pal96, 
Similarly, the 1.76 Mev y-rays may be associated with the transition between : 
the 0.513 and the 2.28 Mev levels. In this case the existence of excited levels 
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at 1.76 and 1.85 Mev is not necessary (but not 
excluded). The intensity balance in the decay 
ples scheme with the indicated arrangement of the 
transitions is satisfactory without the intro- 
duction of additional levels. 


Thus the proposed decay scheme has the 
form shown in Fig.6. 


C5134 


Radioactive Cs134 is produced in neutron 
bombardment of natural Cs!33, csl34 disinte- 
grates by B -decay into Bal34 with a period of 
2.3 years.1 The probability of pt-decay to 
Xel34 is < 0.1%; the probability of K-capture 
is =1%. 

1. The B-spectrum of csl34 has been in- 
vestigated by a number of authors27,30,33-36, 
it is reported to comprise components with 
end-point energies of 0.083, 0.3, 0.655 and 
0.683 Mev. 

2. The y-radiation of Csl34 was investi- 
gated in the work of Refs.27,30-36 & 43. Gamma-rays with energies of 1.96, 
1.401, 1.368, 1.168, 1.039, 0.802, 0.796, 0.605, 0.569, 0.563, 0.475 and 0.200 
Mev were observed. The relative intensities of these respective rays are 
71079 (Ref.35), 0.1 (Ref.34), 2.5, 1.5, 1.0, 7, 93, 90, 16, 9 (Ref.31), and 
1.8 (Ref. 30). 

3. B-y coincidences were investigated by Keister et al30 and Bertolini 
et al36. Coincidences of the 0.794, 0.604 and 0.569 Mev y-rays with the B- 
spectrum of maximum energy were observed39, Also, there are reported to be 
coincidences of B-rays with end-point energies 0.33 and 0.69 Mev with the 1.37 
Mev 7-rays. 

4. y-y Coincidences were investigated by Bertolini et al36 and Everett & 
Glaubman38, Coincidences between the following pairs of y-rays were observed: 
0.560 & 0.604 Mev, 0.604 & 0.800 Mev, 0.604 & 1.37 Mev and 1.17 & 0.8 Mev. 

5. It follows from the work of Refs.27, 30, 38-41 that the following multi- 
pole order assignments obtain for the y-rays from Csl34. 0.604 Mev - E2, 0.796 
Mev - E2, 0.801 Mev - E2, 0.475 Mev - E2 and 0.563 Mev - E2. 


Fig. 6a, _-Gamma-rays in the decay 
of Phl06 (from Kahn & Lrent 85 


. 


our _results 


We investigated the y-radiation from Csi34 in two energy intervals: 0 to 
1.4 Mev and 1.3 to 2.1 Mev. In the former interval we observed peaks corre- 
sponding to 7y-rays having energies of 1.37, 1.17, 1.039, 0.8, 0.6, 0.32, 0.21 
an Se eeceigtdttén of the peaks at 0.32, 0.21 and 0.1 Mev is difficult in view 
of the presence in this region of peaks due to back scattering and x-radiation. 

In investigating the 1.3 to 2.1 Mev interval we encountered a number of 
difficulties stemming from the low intensity of the y-radiation in this energy 
range, the low cross section for its interaction with the scintillator crystals 
and the presence of intense radiation in the adjacent lower-energy part of the 
spectrum. The investigation was carried out with sources having an activity 
up to 200-300 millicurie and with lead absorbers up to 10-12 cm in thickness. 


N 
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100 
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As a result we detected a number 
of low intensity lines having 
energies of 1.64, 1.75, 1.87, 
1.96 and 2.03 Mev. The appear- 
ance of the spectrum obtained on 
the 56-channel analyzer is shown 
in Fig.7. 
Approximate evaluation of 

the intensity of these lines leads 
to a value of the order of 1076 
photons per decay for each of the 
lines in this hard region of the 
spectrum. We carried out a series 
of control experiments to check 
the possibility of formation of 
the observed peaks as a result of 
the additive effect of y-rays of 
lower energies. Further the spec- 
her trum was again recorded after 

: careful chemical repurification 


Fig.7. Section of the y-spectrum of Csl34 of the samples. Control experi- 
in the 1.4 to 2.1 Mev interval recorded by ments fully substantiated the 
means of the 56-channel analyzer. above described results of the 


Fig.8. Decay scheme of Cs!34, 


first series of measurements. 
Decay scheme of Cs5i34 


The decay schemes for Csi34 proposed by 
different authors27,30,31,34 & 36 contain much 
conflicting or contradictory data as regards 
both the arrangement of the excited levels of 
Bal34 and the level energies. Some of the pro- 
posed schemes (see, for example, Ref.34) do 
not allow of fitting in all the observed 7- 
transitions. There are insufficient data for 
determining the sequence of probable cascade 
y-transitions. 

The results of our work confirm the ex- 
istence of a number of levels inferred or 
postulated earlier by different authors. The 
1.64, 1.75, 1.85 and 2.03 Mev y-transitions 
detected by us should be regarded as cross- 
over transitions from levels of these energies. 
There can be little doubt regarding the exist- 
ence of the 0.6, 1.4 and 1.96 Mev levels in- 


cluded in their decay schemes by most authors. In the light of the latest data 
on the B-spectrum and B-y coincidences, it would appear desirable to introduce 
a 1.367 Mev level and regard the 1.367 Mev y-ray as being associated with a 
cross-over transition from this level to the ground state of Bal34, particular- 
ly since Bertolini et a136 observed coincidences of Y-rays of this energy with 


the B-spectrum component of end-point energy 0.69 Mev. 

The 1.17 Mev level introduced by Cork et al27 allows of fitting in a 
number of y-transitions including that of 0.802 Mev energy for which there 
is no place in the decay schemes proposed in Refs.34 & 36. 
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Very recentiy Chandra42 published the result of his work in which he ob- 


served coincidences of the 0.604 and 1.368 Mev y-rays. 


Chandra carried out 


his measurements using a coincidence circuit with a resolving time of 1078 sec. 
The obvious contradiction in the published coincidence investigations can be 
resolved by postulating the existence of two y-transitions of close energies: 
either ~1.367 Mev or ~0.6 Mev. 


The decay scheme for Csl134 based on all the currently available data is 
shown in Fig.8. 
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ON THE RELATIVE INTENSITY OF Po210 y-pRays 
- V.V.Ovechkin 


Experimental evaluation of the relative intensity of the 803 kev y-rays 
emitted from the first excited level of Pb296 in Q-decay of Po219 is of un- 
doubted interest. In view of the divergence in the data published prior to 
1952 (Refs.1-3) we undertook? a repeat measurement of the ratio 


N 
ky= 5%. (1) 


lod 


1. The polonium source was prepared by precipitation from a Po210 nitrate 
solution after repeated purification to remove all extraneous impurities. The 
source was sealed in a brass tube 8 mm long and 5 mm in diameter with a wall 
thickness of 0.5 mm and had an Q-activity NQ, = 4.10 + 0.5 microcurie accord- 
ing to a calorimetric determination. 

Comparison of the y-radiation intensities of the Po210 source and the re- 
ference Co60 source (Ng, = 5.63 + 0.20 microcurie) was carried out by means 
of an end-window brass counter with an outside diameter of 20 mm; the 12 mm 
diameter window of the counter was covered with a 1.5 mm thickness of brass for 
absorption of the conversion electrons (E = 710-800 kev) and the 75 kev x-ray 
quanta emitted by P0219, In calibrating the cobalt source with reference to 
B-y coincidences an appropriate correction for y-y coincidences was made. 

The ratio of the counting rates obtained at different distances from the 
counter, as determined in order to exclude the influence of the geometry, 
was MNpo:Noco = 2-24 + 0.04. Bearing in mind the data of Bradt et al on the 
efficiency of a brass counter for energies of 1.25 and 0.8 Mev (<1, 25: 60.8 = 
= 1.85 + 1.5%) and taking into account the self-absorption of the P0210 y-rays 
(~ 7.5%) , using the formula 


i 2NGo£1,95 "Po (2) 
¥ N¥o£0,8Co 
- we finally obtain ky = (1.22 + 0.09)-1075 quanta per decay. 
2. The results of determinations of Ky published to date by different 


authors are summarized in the accompanying table. 


Method of Q-detection 


Authors 


Grace et all 1.80 + 0.14 Ionization chamber 

Barber et al2 1.5 +0.4 Scintillation counter 

Riou? 1.6 + 0.2 Calorimeter 
vt 

Our data 1.22 + 0.09 

Shintl'meister & f 

Kunts 1.32 + 0.08 i 
i kaia® 1. 25t, 0.2 

Savane in al? 1.21 + 0.06 Scintillation counter 
tt 

Rojo et a18 Teer. et 

Ascoli et al? 1.21 + 0.08 


As was recently shown by Shimanskaia®, who discusses the results Sania 
five investigations (Refs.1-3,6 & 7), the elevated values obtained in oe 
first three investigations are apparently due to the me ae See a8 
measurements of high aQ-intensities directly by counting part - ie Nort 
data are in good agreement with later determinations substantiates 


conclusion. 
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Averaging the results of the last six paves VEE teu listed in the table, 
we obtain as a weighted average ky = (1,:21 (£70.05) 10 quanta per decay (the 
0.05 is the root mean square error of these measurements). It will be seen 
that except for the data of Shintl'meister & Kunts (private communication) , 
all the other five results are in good agreement with this mean value. 
Taking into account the experimentally determined! value of the conversion 
coefficient for Po210 y-rays (a = 0.015 + 0.002), the relative intensity of 
the short-range group of 4.5 Mev Q-particles from Po210 is (1.23 + 0.05) +1075, 
3. Inasmuch as the Po2190 nucleus is almost spherical in shape, the decis- 
ive factor as regards inhibition of Q-decay to the second excited level of 
pp206 (E" = 1.34 Mev)11 is the low energy of the corresponding aQ-particles; 
hence for evaluation of their intensity one may use the approximate Geiger- 
Nuttall relation in the form 


D 
log’ x = Crabs (3) 
sia VE 


where 2, is the probability of Q-decay in sec71, E is the Q=-particle energy in 
Mev and C and D are constants pertaining to the isotopes of each Q-active ele- 
ment. Specifically, Bohr, Fréman & Mottelson!2 recommend using C = 50.15 and 
D = 128.8 for polonium isotopes (Z = 84). 

In the case of P0210 however, it is more expedient to determine D from 
Eq.(3), using the experimentally determined ratio of the intensities of the 
first short-range and principal group of Q-particles (1.23-1075:1) and their 
energies (E~ = 4.5 and Eq = 5.3 Mev); in this case the constant C is automatic-- 
ally excluded. We obtained D = 132.6, which is somewhat higher than the re- 
commended value. 

Taking into account our value of D, the relative intensity of the second 
group of Q-particles (Ey = 3.96 Mev) is found to be 13-1085" whereas if we 
take D = 128.8, the relative intensity turns out to be 2.3-107-9, In any case 
it is virtually impossible at present to detect so negligibly low an intens- 
ity of Q-particles; more hopeful may be a search for the corresponding y-rays 
(Ey = 534 kev) emitted in cascade with the 803 kev y-rays.11 

I am grateful to Z.V.Ershov and E.M.Tsenter for their interest in the 
work and discussion of the results. 
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INVESTIGATION OF THE LIFETIMES OF LOWER NUCLEAR LEVELS 
EXCITED IN ELECTRON CAPTURE 
- E.E,Berlovich, K.M.Gvotovskii, M.P.Bonits, B.I.Breslav & B.K.Preobrazhenskii 


Introduction 


Experimental measurements of the lifteimes of excited states of nuclei - 
essentially direct determination of the probability of transitions between two 
nuclear levels - has proved to be a powerful tool in the investigation of nu- 
clear structure.1~2 

The present work was devoted to determination of the lifetimes of the 
states of certain nuclei formed as a result of orbital electron capture. All 
the parent nuclei are numbered among the neutron-deficient nuclei produced by 
spallation under bombardment by high energy protons. Specifically, the parent 
nuclei Tml67, Eul47 and Ga!45 were obtained in a tantalum target by irradia- 
tion with 660 Mev protons on the synchrocyclotron at the Joint Institute for 
Nuclear Research. The thulium, europium and gadolinium sources were prepared 
by chromatographic separation. The parent Ir190 nuclei were obtained by ir- 


radiation of a bismuth target from which they were separated by means of an 
iridium carrier. 


Experimental Procedure 


The lifetime measurements were carried out by the method of delayed co- 
incidences on a set-up described earlier by one of us2-4. This set-up which 
includes a "fast" coincidence circuit with a variable spiral delay line and 
a "slow triple coincidence circuit, differs from the set-up of Bell, Graham 
& Petch® by the incorporation in the side channels of the triple coincidence 
network of differential pulse height analyzers which allow of energy discrim- 
ination of the coinciding radiations. 

It was shown in an earlier contribution by one of the authors” that the 

. shape and position of the coincidence curve may be affected by the character 
of the pulse varying under the influence of the coinciding radiations, which 
leads to distortion of the puise, particularly in the case of short times. It 
was indicated that to eliminate this effect one can either carry out coinci- 
dence measurements with energetically equivalent intervals or when this is 
impossible determine the coincidence curve for the investigated transition 
and for a prompt transition in the same intervals even though these are not 
energetically equivalent. 

In the present experiments we measured coincidences between character- 
istic x-rays and 7y-rays (x-y and 7-x coincidences) or with internal conver- 
sion electrons (x-e and e-x coincidences). The end-point energy of the re- 
coil electrons produced in the phosphor under the influence of characteristic 
x-rays amounts to less than 8 kev for the rare earth elements, which in some 
of the investigated cases is appreciably lower than the energy of the conver- 
sion electrons and the energy of the recoil electrons produced in the phosphor 
by the y-rays. Hence it was not always possible to carry out the measurements 

equivalent intervals. 
cs oe gee cing te coincidences between the Oh ect rot eae es tenis the 
method of 'self-comparison" which had been employed previously* for measuring 
B-y (or e-y or e-B) coincidences and consisting of comparing the coincidence 
curves obtained with two positions of the B-ray (or conversion electron) ab- 
sorber, was replaced by another procedure which will be described below. 
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In the present investigation an additional difficulty arose owing to the 
presence of a large number of additional types of coincidences in addition to 
those investigated: for example, coincidences of conversion electrons with the 
x-rays accompanying them, coincidences of x-rays accompanying K-capture with 
x-rays accompanying conversion or with Auger electrons and the like. 

In the measurements we used FEU-IV type photomultiplier tubes which have 
10 aluminum-magnesium alloy dynodes arranged in a circle and a flat end-type 
semitransparent cesium antimony photocathode. The pulse rise time of these 
photomultipliers is 1-2-1072 sec.& We worked at voltages of 2600-2700 V. The 
resolving time of the coincidence circuit in working with stilbene crystals 


was 2-3-1079 sec. 
Measurements 
A. Tm167~»¢yr167 transition 


The source was prepared by evaporation of a drop containing the thulium 
fraction from the ion column on an aluminum foil. 

The measurements were carried out a month after proton bombardment when 
all the 8-hour (Tm!66) and l-day (Tm165) activities had died out and the per- 
sisting activity was due virtually entirely to Tm167 with a period of 9.6 days. 
The activity of 100-day Tm168 in the sample was neg- 
ligibly small. The decay scheme of Tm167 proposed by 
Gromov, Dzhelepov & Preobrazhenskii’ and subsequently 
confirmed by Gorodinskii et al® is shown in Fig.1. The 
207 Mev state is isomeric. The de-excitation of the 
upper level occurs only by a 56.7 kev transition to 
the 207 kev state. 

We measured coincidence between the x-rays and 
the conversion electrons (47 kev) from the L shell 
of Erl67 for the 56.7 kev transition. For detecting 
the x-rays we used a stilbene single crystal (d = 
= 35 mm; h = 20 mm) in a glass envelope with a mag- 
nesium oxide reflector. The glass completely ab- 
sorbed all conversion and Auger electrons. The con- 
version electrons were detected by a stilbene plate 
5 mm thick covered with a 1 yw thick aluminum foil re- 
flector. The stilbene crystals were bonded to the 
photocathode windows by means of clear petroleum jelly.. 


er ree ere ee The requisite energy intervals were selected in 

; each channel (branch) of the coincidence svstem by 
Fig.l. Coincidence means of appropriate differential analyzers. 
curves: xeg - for the By virtue of the high amplification of the photo- 
56.7 kev transition; multipliers at the operating voltages utilized, it was 
xe] - for the 207 kev feasible to obtain sufficiently strong pulses (for 
transition. Insert shaping in the limiting pentode) from the recoil 
- decay scheme. Here electrons produced by the x-rays in the stilbene 
and in the other fig- crystal. 
ures the abscissae are Fig.l shows the coincidence curve obtained in 
delay times in secs; the case when the electron gate was set for the | 
the ordinates - numbers pulse height of the conversion electrons from the | 
of coincidences. 56.7 kev transition (curve xe9); it will be seen that 


the right side of the curve has an exponential shape. 
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F This exponential section of the curve, investigated 
separately with good statistical accuracy, is shown 
plotted in semilogarithmic coordinates in Fig.2. 
From this curve we obtain a value of (2.0 + 0.5)°1079 
sec for the half-life. The excess "prompt" coinci- 
dences mentioned at the end of the "Experimental Pro- 
decure" section above correspond to the region of 
short delays near the peak of the curve in Fig.l. 

For control purposes we carried out measurements 
of the coincidences between the x-rays and conversion 
electrons associated with the 207 kev transition. In- 
asmuch as the 207 kev level is isomeric, there should 
be no coincidences of the capture x-rays with conver- 
; sion electrons from the 207 kev transition. There 

should, however, be "prompt" coincidences of these 
electrons with the x-rays accompanying the conversion. 


Pee a fy A The coincidence curve for these electrons is shown in 
‘ Fig.1 (curve xe ,); in contrast to curve xeg, the shape 
Fig.2. Exponential of this curve is symmetrical. 
portion of the xe9 By virtue of the fact that the lifetime (which 
curve of Fig.1 plotted proved to be comparitively large) was determined not 
in semilogarithmic from the relative displacement of the curves but from 
coordinates. the exponential branch of the coincidence curve, the 


influence of the energy difference between the effect- 
ive intervals in the two branches of the circuit was relatively small. 


B. Gat 45—+Fy145 transition 


Our measurements with a gadolinium source having a period of 60 days (this 
period was attributed by Gorodinskii et all9 to Gal45) were performed 3 months 
after irradiation when the ~1.5-day (Gd147) and 9-day (Gd149) activities were 
virtually exhausted. 

According to the data of Gorodinskii et ai1° and Anton'eva et alll elec- 
tron capture in Gdl45 is accompanied by two y-transitions of equal energy 
(115 kev) in cascade. The radiation from the daughter Eul4s, consisting of 
one y-ray of high energy, does not interfere with measurements of the type in 
question. In the amplitude spectrum of the Compton distribution this radia- 
tion is evinced in the form of a low intensity long tail following the end of 
the principal Compton recoil distribution from the 115 kev y-rays. 

We measured coincidences the x-y and y-x type by means of two large (d = 
= 35 mm; h = 20 mm) stilbene crystals in containers. The effective gate of 
the amplitude analyzer in the y-ray channel was set for an appropriate section 
of the Compton recoil distribution. In one group of measurements the 7-rays 
were recorded by the right-hand counter (x-y coincidences); in the other series 
of measurements by the left-hand counter (y-x coincidences). The experimental- 
ly observed relative displacements of the two coincidence curves could be due 
to two factors: a) a difference between the pulse fronts due to a difference 
in the amplitude intervals in the y-ray or x-ray channel (displacement to the 
side of the x-ray detector, for, as was shown in Kkef.2, the apparatus shift 
always occurs to the side of the detector registering the rays or particles 
of lower energy) and/or b) an appreciable lifetime of the level (displacement 
to the side of the y-ray detector inasmuch as the delay is introduced into 
the channel carrying the radiation preceding the excitation of the nan In 
order to exclude the effect of the first procedure’ factor, in addition to 
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the measurements with the investigated source, we 
carried out measurements (using the same intervals) 
oa of the y-y coincidences associated with the C080 Ni 
transition which was chosen because according to the 
work of Metzger!2 the lower level of niS° has a very 
short lifetime (t = 10712 sec). Inasmuch as the end- 
point energy of the Compton electrons from the 7-rays 
of Ni®° is almost 30 times higher than the energy of 
the Compton distribution for the investigated 7y-rays 
with the result that the height of the pulses arriving 
(after amplification) at the differential analyzers 
exceeded the operating range of the analyzers, light 
filters were installed between the scintillator crys~ 
tals and the phosphors; these were selected so that 
the extent of the amplitude distribution for the ni60 
y-rays would be close to that for the investigated 
Eul45 y-rays. 

Fig.3. Decay of Gal45 The results of our measurements for the Gql45—> 
to Eul45, Coincidence —Eul45 and Co60—-ni6° transitions are shown in 
curves: 1) x-y and 2) Figs.3 & 4. 

Yr. We determined the relative displacements of the 
centers of gravity of each pair of curves (method of 
Bayl3); these proved to be 2t' = 2.1°107? sec for 
the Gd!45-sgul45 transition and 2t" = 3.1°1079 sec 
for the Co60—»sni690 transition. The smaller value of 
the displacement in the former case indicates that 
the lifetime of the Eul45 levels has a measureable 
value (the displacement associated with the lifetime 
is directed to the side opposite to that of the ap- 
paratus shift). The difference between the two dis- 
placements gives double the lifetime: 2t = 1.0-1079 
sec. 


60 


J 
110 


S225 fit eiisec 


Finally, we arrived at the value t = (5.0 = 10710! 
sec. 

The reliability of this value is substantiated, 
on the one hand, by numerous repeated determinations 
and, on the other hand, by analogous measurements 


Fig.4. Coincidence with a europium source carried out in the same effect-: 
curves for Co60—»ni60 ive intervals which did not give any displacement of 
obtained with light the curves (see below). We made an attempt to attri- 
filters. bute the determined lifetime to one of the two levels 


of Eul45, To this end we recorded the y-y coincidence: 
curve for this transition in energetically equivalent amplitude intervals loca-: 
ted outside the x-ray region; the shape (slope of the sides) of this curve was 
compared with that of the C060 80 transition recorded under the same condi- 
tions. There was no detectable difference as regards the slopes of the curve 
sides. Nevertheless, in view of the very small value of the lifetime obtained 


we cannot unequivocally assert that the determined lifetime is not associated 
with the lower level. 


C. Eul47-ssm147 transition 


The investigated europium fraction, which was separated from the gadolin- 
ium fraction after complete exhaustion of the ~1.5-day Gdl47, contained only 


- 1633 - 


24-day Eul 47, 

The decay scheme of Eut47 established in the ex- 
periments of Gorodinskii et al1l9 and Anton'eva et alll 
is shown in Fig.5. No transition is observed between 
the 198 kev and 121 kev levels. 

We measured the lifetime of the lower (121 kev) 
level whose energy is very close to the energy of the 
Y-rays of the Gdl45-»fy145 transition (115 kev). We 
measured x-y and y-x coincidences; the effective gate 
of the analyzer in the y-ray channel was set far from 
the maximum of the Compton recoil distribution due to 
the 198 kev y-rays so that the influence of the upper 
transition on the resuit of measurement was minimal. 

From the very start, the experiments with Eul47 
and Gat45 were correlated: a) the measurements were 
carried out in the same amplitude intervals with all 


1000 


500 


Se ae other conditions being equal and b) the measurements 

; with the Co®9° source were always performed in the 

Fig.5. Eul47, Coinci- interval between measurements with the isotopes. 

dence curves: 1) x-y Hence, in calculating the lifetime in the case of 

and 2) 7-x. the europium source we could use the same results 

for cobalt as in the case of the gadolinium 

dN source. 

The displacement of the centers of gravity 

i Ces of the curves (x-y and y-x coincidences) ob- 
356 tained with a europium source (Fig.5) was virtu- 

4 ally identical with the displacement of the 


curves for the cobalt source (in contrast with 
the result obtained for the gadolinium source). 
These measurements, which at the same time, 
served as a check on the validity of the results 
obtained for Eul45, yielded a value of 2-10-10 
sec for the upper bound of the lifetime of the 
121 kev level of Sml47, 


D. Tr190_495190 transition 


Electron capture by tr190 results in exci- 
tation of rotational levels of the deformed 0s190 
nucleus. 14 

We felt it would be of interest to measure 
the lifetime of the first excited state of 186 
kev energy (Fig.6) with a view to determining 
the internal quadrupole moment of 05190, 

The iridium solution was applied to filter 
9 paper which was cemented to an aluminum backing 

fc Salts’ tail” oS 2 mm thick. 

Fig.6. tIr190 e-x and x-e co- It proved expedient to carry out measure- 
incidence curves obtained as | ments of the x-e and e-x type for the following 
the differences between the | reasons: 1) the conversion coefficient for the 
experimental curves (ex + x7 lower transition is rather large (~0.63) - in 

+ YX +77) - (yx + XY + xy) fact, a whole order of magnitude greater than 


and (xe + xy + 7X + YY) ae 
- (xy + 7x +77), respectively. 
experimental points per 5¢ were use 


400 


The averaged initial curves rather than the 
d in plotting the e-x and x-e curves. 
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s for all the higher lying transitions 

- and 2) the fraction of conversion electrons from the higher transition whose 
pulses pass through the analyzer gate set for recording the electrons from the 
lower transition is insignificant in consequence of the large difference be- 
tween the energies of the electrons of the two groups. 

By virtue of the relatively large thickness of the source,in which the 
energy spectrum conversion electrons was smeared out due to multiple scatter- 
ing, it proved possible to carry out the measurements in energetically equal 
intervals situated in the region of the Compton distribution from the x-rays. 

The measurements were carried out by means of two unpackaged stilbene 
crystals with reflectors of lu thick aluminum foil. In view of the fact that 
in addition to e-x type coincidences there were recorded y-x and 7-y coinci- 
dences for each of the two orientations of the source on its backing, the 
measurements were carried out with an open source and with a thin foil for 
absorbing conversion electrons of the investigated transition. The coinci- 
dences with electrons were obtained as the difference between the counts in 
the two cases. 

The results obtained for the x-e and e-x coincidences are shown in Fig.6. 
The value obtained for half the displacement of the centers of gravity of the 
curves was (3.6 + 1.5) °10710 sec. It can be shown, however, for obtaining the 
mean lifetime this value must be multiplied by a factor of 2. 


the sum of the conversion coefficient 


Fig.7. Xj and 0] - x-rays and Auger electrons 
accompanying K capture; Xo and 0» - x-rays and 
7 Auger electrons accompanying conversion. I & 
4 II - photomultipliers; the star represents the 
vy 8 source; the shaded rectangle is the backing; 
vertical dash-line - thin foil absorber. 


\ 
\X,0, 


Let us consider the case when the source is oriented with the thick back- 
ing to the left as shown in Fig.7. Let us denote the x-rays and Auger elec- 
trons accompanying K capture by X, and 0, and the x-rays and Auger electrons 
accompanying internal conversion by Xg and 05, respectively. Then under our 
conditions (after subtraction of the number of coincidences obtained with the 
thin absorber foil at the right), we will have recorded coincidences of the 
following types: 


X,e€, Xj05, Xge and X90; 


the arrows above indicate the direction of displacement of the corresponding 
coincidence curve; the bar indicates no displacement. 

Let us designate the solid angles of the left and right counters by w 
and w,, respectively, their efficiency in detecting x-rays by €, fraction of 
transitions following the conversion branch by K = Q/(q@ - 1), where @ is the 
conversion coefficient, the fluorescent yield through W and the number of de- 
th from the source per unit time through M; then assuming that all the radi- 
ay Mica eee the number of recorded coincidences of each type can 


1) C(X,e) = Now,.Wek, 


——_ 


2) C(X,03) = Ne, (1 —a@,) oW (1 —W) eK, 


. 
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3) C(X,e) = Now.Wek, 


ee 


4) C (X01) = Ne, (1 — e,) o,W (1 — W) eK. 


The number of coincidences of the second and fourth types will be small 
inasmuch as for the Z = 76 case, 1 - W = 0.05 (Bergstréml5); moreover the two 
numbers will be equal and tend to produce displacements of the center of grav- 
ity of the coincidence curve in opposite directions, i.e., nullifying each 
other. The coincidences of the third type are "prompt" and, consequently, 
their centers of gravity are not displaced. They have a tendency to reduce 
the displacement of the center of gravity of the resultant coindicence curve. 
Inasmuch as the number of these coincidences is exactly the same as the num- 
ber of X,je coincidences of interest to us, the experimentally observed dis- 
placement of the center of gravity of the coincidence curve will be halved. 


Beet ey é for the experimental value of the lifetime of the first excited 
state of Os!2° we must take 


t = (7.2 + 3.0)°10719 sec 
or 


Tyg = (5.0 + 2.1)-10710 sec. 


Fig.8 shows the result of the control experiment 
carried out with a Co®9 source with the same equiva- 
lent effective intervals as used with the Ir19° source 
but with a light filter. It will be seen that the 
points for the B-y and 7-8 coincidences fit well on 
the same curve. 


3 
210 


Discussion 


In cases when the multipole orders of the trans- 
itions are known certain information regarding the 
structure of the nucleus can be deduced from the ex- 
perimentally determined lifetimes of the states. 

According to the data of Gromov et al’ the 56.7 


110 


kev transition in Er is a mixed transition charac- 

H - —J terized by 25% E2 + 75% Ml. Utilizing the interpo- 
siete fen ts “22, °°° lation tables of Dranitsynal® for the L shell conver- 
Fig.8. Coincidence sion coefficients (tables based on Rose's? data), we 
curves obtained for obtain for the given transition ay, = 5.05 or Qtotal = 


co®° with light filter. = 6. Then for the radiative half-life we have 
Designations same as 


—_ eo Te -9 — e 078 Cc. 
in Fig.7. Ty = Texp. + Q@) = 2.0°7°10°" = 1.4°1 se 
For the partial radiative half-lives we obtain 


Ty (E2) 5.6-1078 sec 


and 


Ty (M1) = 1.87° 10-8 sec. 


Calculations according to the formulas of Weisskopf18 based on the single- 
particle model yield 
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1.73°107° sec 


and 


Ty wim) 192 Ogaomsece 
? 


1) 


Thus the electric quadrupole transition proves to be greatly "speeded up’. 
The ‘acceleration” factor 
Ty,w(E2) — 1.73+1075 


Ty (E2) 5.6+1078 


= 310. 


This is entirely natural for the Erl67 nucleus which contains 17 neutrons 
outside the last closed shell and is among the highly deformed nuclei. 


On the contrary, the magnetic dipole transition proves to be greatly slow- 


ed down. Here the retardation factor 


ah 
piel toast gags an tans og one Ome = 70: 
T (M1) 1.87°1078 


This transition obviously belongs in the group of slow magnetic dipole 
transitions.19 The slowing down is apparently connected with the collective 
nature of such magnetic transitions. 

Gromov et al?’ assign a spin and parity of 1/2- to the 207 kev state of 
Erl47 and characterize the 267 kev state as 1/2+, 3/2+ or 3/2-. Gorodinskii 
et a8, however, indicate that the 3/2- assignment is the most probable. 

In the case of the deformed Er!67 nucleus (17 neutrons outside the last 
filled shell) the assumption that the rotational band begins with the first 
excited level and that the component of the total angular momentum along the 
nuclear symmetry axis ] = 1/2 leads to a value of 17°10724 cm* for the intern- 
al quadrupole moment Q,. This is appreciably lower than the value of the 
quadrupole moment in the given mass number region (Qo ~ 8-10-24 cm?) . 

It is not impossible that this divergence is to be explained by the inac- 
curacy of the above mentioned proportion of 25% E2 and 75% Ml for the mixed 
transition given in Ref.7 and that the actual percentage of E2 type transi- 
tions is appreciably lower. 

Interpretation of our experimental results for the Gal45_4£ul45 transi- 
tion is impossible not only because nothing is known regarding the multipole 
order of Eut45 y-transitions but also because there is uncertainty as regards 
identification of the investigated y-rays (115 kev). According to the data 
of A.A.Bashilov there exist two 5-day activities of Eu: one of them apparently 
belongs to Eul45, the other to some other europium isotope. 

The value for the upper bound of the lifetime of the first excited state 
of Sm147 deduced above, upon the assumption that the transition is (E2 + Ml) 
leads to an appreciably higher value for the upper bound for the radiative 
lifetime taking conversion into account, namely, Ty < 5-10710 sec. 

Calculations carried out by means of Weisskopf's formula yield 


A (M1) = 1.8°10711 sec 
and 738 


Ty w(E2) = 6.77107" sec. 


Inasmuch as the Sm147 nucleus, which has only three neutrons outside the 
last filled shell, is a spherical nucleus, the ‘acceleration" factor for E2 type 


transitions must be equal to about 10. On the other hand, Ml type transitions, 


as a rule, are slowed down by a factor of 2 orders or more. In this case, it . 


7 
’ 
| 
: 
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is apparent that our result for the upper bound of the lifetime is in conflict 
with the assumption that the radiation is of the mixed E2 + Ml type. 

Calculations of the same kind carried out for El and M2 transitions show- 
ed that the experimental bound for the lifetime is not in conflict with almost 
pure El (t ieee. 6210543 sec), if one allows for the fact that transitions 
of this type can be slowed down by 3 orders of magnitude as, for example, is 
reported20 to be the case for the 146 kev transition in Lut?77, The El Bee 
ment, however, is not consistent with the value of the K/L ratio which accord- 
ing to the measurements of A.A.Bashilov equals ~3.5 (theoretically it should 
be appreciably higher for an El transition). 

From the observed value of the mean lifetime of the first excited state 
of 0sl90 taking into account conversion on all shells (the conversion in the 
K shell was calculated from tables of Sliv and Band21) and taking @ = 0.71, we 
obtain Ty = 1.2°1079 sec. Calculations according to Weisskopf's formulas yield 


Ty w(E2) = 5.6°1078 sec and an “acceleration’ factor F ~ 47. Utilizing Bohr's 
formulal for even-even nuclei 


49 T+-1)(2+2 

B(E2) = 1.292 U+M +2) 

(£2) = a5 Qo OT 3) (QI 3)’ 

for the given probability, we obtain Qj = (4.2 + 0.9) -10724 cm2 and for the 
deformation parameter 


instead of 0.3 in the region of large deformations. 

In the case of Os186 and 05188 , which have 110 and 112 neutrons, respect- 
ively, the internal quadrupole moments are equal to 5.5°10724 cm* and 5.1-10724 
cm2, respectively. 22 In this region nuclear deformation already decreases 
with filling of the last shell and upon the addition of two more neutrons, i.e., 
upon going to 05190, it should become even smaller. The decrease, in fact, is 
observed to be appreciable, for in going from 114 neutrons (O0s!99) to 116 neu- 
trons (0sl92), the deformation increases with a jump and the rotational struc- 
ture of levels transforms into the vibrational one. 3 

The authors desire to express their gratitude to B.S.Dzhelepov, A.A.Bash- 
jlov and A.N.Murin and their co-workers for taking the trouble to familiarize 
themselves with our experimental data prior to publication. We are indebted 
to V.P.Dzhelepov and the service personnel of the synchrocyclotron whose gener- 
ous help has made our investigations?3 possible. 
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ae NEW COMMERCIAL PHOTOMULTIPLIER TUBES 
- L.G.Leiteizen, A.G.Berkovskii, I. Ia.Breido, B.M.Glukhovskoi, O.S.Korol'kova 
& E.,I.Tarasova 


Currently a number of new types of photomultiplier tubes developed by 
the authors have been put into production or will be shortly. 


Spectrometric photomultipliers 


Some time ago production was started on FEU-29 type photomultipliers in- 
tended for scintillation spectrometers (Fig.1,d). The pulse height resolution 
of a batch of these multipliers measured using Cs!37 and an Nal(T1) crystal is 
shown in Fig.2. Measurements were made using the individually specified (rat- 
ing certificate) voltages on the first stages. Tests made over the first few 


months of produc- 
tion of the FEU-29 
showed that the 
optimal regimes for 
the tubes are close 
to each other as 
regards interstage 
potentials. In 
the future it is 
planned to carry 
out a mass test on 
the basis of our 
preliminary experi- 
ments!, using an 
averaged operating 
regime; determin- 
ation of such 
standard operating 
conditions is neces- 
£ sary to permit use 
of the tube in geo- 
Fig.1. New photomultiplier tubes: a) FEU-24, b) prototype logical survey and 


photomultiplier with toroidal dynodes, c) FEU-133, d) other mass-produced 
FEU-29, e) photomultiplier with bismuth-silver-cesium equipment. 
cathode, f) miniature photomultiplier tube. The good pulse 


height resolution 

of the FEU-29 tubes is assured by the relatively high sensitivity of their 
cathodes: the integral sensitivity averages 40-45 microamp/lumen, with none be- 
low 30 microamp/lumen; the "blue" sensitivity is better than 6 microamp/lumen 
which corresponds to a quantum efficiency of better than 9% at Xr eao0e A. 

Furthermore, the electron optics of the multiplier input section insure 
good electron collection from the cathode to the first dynode and minimal los- 
ses in the first stages. The noise amplitude measured with respect to the 
Csi37--NaI(T1) photopeak at an operating level of 50 pulses/sec does not ex- 
ceed 5-8 kev and in an appreciable percentage of the produced tubes is ~3 kev. 

The light characteristic is linear up to an output pulse amplitude of 
7-8 v at a load of about 50 kilohm with a spurious capacitance <10 Hut with 
the tube operated according to the specifications ome rating ake te” 

An important characteristic of all photomultipliers is their stability. 
So far there is no testing procedure for stability that would yield consistent 
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t. and unambiguous results. But according to data on 
Vd hand, based on measurements carried out in a number 
of scientific research institutes and other organiz- 
ations, most of the FEU-29 photomultipliers exhinit 
3 good stability in y-spectrometers. Tests carried 
out at the tube plant show most of the tubes after 
Wh a 30 minute warm-up, together with the associated 
apparatus, show a drift of the Cs!37—NaI(T1) photo- 
peak of less than 1.5% over a period of an hour. 
With a view to improving the stability charac- 
teristics, an experimental lot of photomultiplier 
tubes of the same design was recently manufactured 
with dynodes of different alloys. The basic para- 
Amplitude resolution, % meters, noise and amplitude resolution of these ex- 
(al fawidtheof the C5187line perimental photomultipliers are the same as those of 
with an NaI(TL) crystal) the "standard" FEU-29, but their operating voltage is 
higher than average by 30-50%. These tubes are now 
Fig.2. Amplitude reso- undergoing exhaustive testing at the plant and a 
lution of a batch of number of scientific organizations with a view to 
1000 FEU-29 tubes. determining if they actually have superior stability 
characteristics. Experiments are also being carried 
out at the plant to determine the influence of technological factors and vari- 
ations in design of the dynodes on the stability of the FEU-29 tubes. 


No. of FEU-29 tubes 


6 8 9 9 0 


Photomultipliers with an enlarged cathode 


For a number of applications it is desirable to have a photomultiplier 
tube with a cathode 70-80 mm in diameter. Such a photomultiplier (FEU-24 - 
Fig.1,a) is now being put out in experimental lots preparatory to series pro- 
duction. This photomultiplier has a flat cathode 75 mm in diameter; hence 
optical contact with a large crystal can be realized without the need for an 
intermediate adapter pipe. 

The electron optical cathode-first dynode system was designed and selected 
by modeling in an electrolytic bath. The quality of the focusing was checked 
for the experimental photomultipliers in a special set-up designed to detect 
inhomogeneities of the cathode sensitivity. This set-up comprises two electron 
beam tubes - an illuminating tube and a viewing tube - with synchronized raster 
scans. The raster of the illuminating tube is focused by means of a suitable 
lens on the photocathode of the photomultiplier. The output signal from the 
photomultiplier may be applied either to a modulator or to the X or Y deflect- 
ing plates of the viewing tube. In the first case one can observe the zonal 
distribution of sensitivity over the cathode; in the latter case one can make 
a quantitative evaluation of the heterogeneity by "lines" or "frames". 

After tests on a number of different variants, we chose the cathode lens 
design diagrammed in Fig.3. Particular attention was also paid to design of 
the input stages of the multiplier system inasmuch as it was found in tests 
that the uniformity of the zonal characteristic also depends on this factor. 
This multiplier has 13 dynodes. The cathode, focusing ring and anode are 
brought out into the envelope. The overall length of the multiplier is 235 mm}; 
it is mounted on a 14-prong base (the first two leads are brought out to button 
contacts). | 

According to preliminary test data, the FEU-24 tube has the following 
averaged parameters: integral sensitivity - 35-40 microam /lumen; "blue" me | 
tivity - 7 microamp/lumen; amplification - about (2-5) «108 at an overall po- 
tential of 1400-1500 v. At higher voltages the gain may be as high as 107, 
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The average current density from the cathode 
is about 5-10715 amp/cm2. The above static 
characteristics are for the case of equal 
interstage voltages (the potential across the 
focussing ring-cathode gap is a few volts). 
The pulse characteristics were measured using 
the individually specified (individual tube 
rating certificate) voltages on the first 
stages, assuring the best amplitude resolution. 
It is planned in the future to establish an 
average 'standard'’ regime for general use. 

The pulse height resolution, measured with 
an NalI(T1l) crystal 30 mm in diameter detecting 
the radiation from Csi37, equals 9-11% in the 
center of the cathode and falls off by not more 
than 1-1.5% towards the edges of the cathode. 
The noise measured using the same crystal does 
not exceed 10 kev for most tubes with an ap- 
Fig.3. Cathode lens of the preciable percentage having a noise level under 
FEU-24 tube. 5 kev. Linearity of the light characteristic 

is retained to pulse heights of 7 v at a load 
of 50 kilohm and a spurious capacitance of <10 wnf. 

We carried out tests with three large NaI(Tl) crystals 55, 65 and 75 mm 
in diameter kindly made available to us by L.M,Beliaev and V.I.Startsev. With 
the particular multiplier whose pulse height resolution with the 30 mm diameter 
crystal was 9% at the center and < 10.5% at the edge, we obtained half-widths 
of the Cs137 y-line of 9.8, 11.0 and 11.5% with the respective crystals. 

The same multiplier when illuminated by flashes from a gas discharge tube 
equal in brightness to the scintillations of Csi37-Nal(T1) yielded a resolu- 
tion of approximately 6%. 


High time-resolution photomultiplier 


For certain important investigations in the field of nuclear physics it 
is desirable to have photomultipliers with a high resolution in time. In ad- 
dition to the usual requirements, such photomultipliers must meet the added re- 
quirement of minimum straggling in the passage time of the "electron packet” 
through the multiplier together with that of the maximum steepness of the 
pulse front at the output. More stringent requirements are also imposed as 
regards the current characteristics: the tubes must be capable of an output 
pulse current of the order of O.5 amp. 

Good time resolution can be attained if the design provides for 1) satis- 
factorily isochronous collection of photoelectrons on the first dynode and 2) 
low straggling of the flight time of the electrons through the multiplier sys- 
i For isochronous collection one must have a high initial gradient at the 
emitting surface. Although this can be achieved by reducing the cathode-baffle 
(slit) distance this solution is generally unacceptable because it involves 
reducing the effective surface of the cathode. Hence we made an attempt to 
assure isochronous collection of the photoelectrons by introducing auxiliary 
electrodes mounted on the baffle system. After modeling agnumber, of variants, 
we found a simple system that yielded good resuits. A cylindrical electrode 
maintained at the potential of the baffle was introduced between the ee 
and the defining baffle. According to measurements carried out by A.S,Belousov 


Fig.4. Multiplier 
system employing 
toroidal dynodes. 
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in the "Lebedev" Physical Institute of the USSR Academy 
of Sciences, the use of this type of intermediate cylindri- 
cal electrode in FEU-19 photomultipliers improved the time — 
resolution by a factor of about 2 (see curve 2 in Fig.7). 
Development of multiplying systems assuring minimal 
flight-time straggling proceeded in two directions: a) de- 
velopment of systems with torroidal dynodes (Fig.1,b and 
Fig.4) and b) systems with accelerating grids (Fig.1,c). 
A system with toroidal dynodes was first described 
by M.Biermann?, Its advantages are a) a large effective 
working surface of the dynodes (allowing of large effect- 
ive load currents), b) a large diameter entry aperture im- 
proving the isochronism of electron collection and c) the 
absence of edge effects distorting the field and the ab- 
sence of sharp dynode edges, which eliminates one of the 
possible sources of instability at high potentials. This 
allows of improving the time characteristic by increasing 


the interstage voltage differences. 

The shape of the dynodes assuring minimal time of flight straggling was 
selected by the electrolytic bath procedure. The maximum spread in the one- 
stage flight time with the developed system does not exceed 1.5°1079 sec (200 
v difference per stage); furthermore the time dispersal is not increased after 
passage through several stages. 


OU 


Fig.5. Diagram of multiplier system with accelerating grids (FEU-33). 
The figures at the dynodes and grids indicate the potentials of the 
electrodes in relative units. 


Fig.6. Variation of the po- 
tentials (V) and functions 
1/YV over the electron paths 
with extreme flight time 
values: 1) variation of the 
potential over the longest 
plotted path, 2) function 
1//V corresponding to curve 
1, 3) variation of the poten- 
tial along the shortest plot- 
ted path, 4) function 1//V 
corresponding to curve 3. 


Relative 
counting rate 
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Decrease of the electron flight time and 
of its fluctuation can be attained by increas- 
ing the field intensity particularly over the 
initial part of the electron trajectories (pri- 
marily by neutralizing the influence of the 
initial velocities of the secondary electrons). 
Increasing the field gradient also furthers 
dissipation of the space charge in the last 
stages, which allows of obtaining a higher out- 
put current. 

Introduction of a special grid, maintained 
at the potential of one of the following dy- 
nodes, in front of each dynode, produces 4 
strong and adequately uniform accelerating 
field at the emitting surfaces, assuring the 
requisite low electron time of flight strag- 
gling. The dynode-grid voltage was selected 
to be twice the stage voltage. 

Modeling of the first version of the multi- 
plier system with grids showed that a strong 
accelerating field at the dynode surfaces ap- 
preciably complicates focusing of the primary 
electrons for which the field at the dynodes 
is a retarding one. After experimentation with 
a large number of possible variants we found a 
system insuring good focusing of the electrons 
and minimum time of flight straggling (Fig.5). 

The variation of the potentials along the 
electron paths with maximum and minimum times 
of flight in the multiplier system pictured 


. 
\ 
ye gee G 
meters 
Fig.7. Delayed coincidence curves nee 
a FEU-19 photomultiplier (1), an FEU-. sa) mm 500 20002500 
i i Tube supply voltage, v 

tube with an accelerating cylinder (2), , ] 
and an experimental FEU-33 tube with ac- Fig.8. Amplification (M) and dark 
celerating grids (3). 1 meter of delay current (Ip) characteristics of 


cable is equivalent to a delay of 4°10~%sec. some FEU-33 photomultiplier tubes. 
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in Fig.5 is shown in Fig.6. In the same figure we have plotted corresponding 
functions 1//V defining areas proportional to the flight times. 

Calculations of the maximum difference between flight times for the multi- 
plier system with grids gives a value of 4.4+10719 sec (with a voltage differ- 
ential of 100 v/stage) which is 3-4 times smaller than in the multiplier sys- 
tem of the H4646 tube3, 

Comparative measurements of the time characteristics of several photo- 
multipliers with accelerating grids (FEU-33) and FEU-19 tubes in a double co- 
incidence circuit carried out by A.S.Belousov at the Physical Institute of 
the USSR Academy of Sciences showed that for the former the width of the "hili4 
is smaller by a factor of 3-4 (Fig.7). 

The pulse height resolution of the experimental FEU-33 photomultiplier 
tubes with accelerating grids, measured under the conditions described above, 
proved to be 9-10%. The experimental models of the photomultiplier with ac- 
celerating grids were found to have an amplification of the order of 108 at 
overall voltages of 2.5-3.0 kv (Fig.8). 


Photomultiplier with a bismuth-silver-cesium cathode 


Conventional photomultipliers with a cesium-antimony cathode are suitable 
for work in the red region of the visible spectrum inasmuch as their long wave 
sensitivity limit lies at 5800-6000 A. The best signal-to-noise ratios in the 
wavelength region from 5500 to 8000 A are obtained with Bi-Ag-Cs cathodes. Ex- 
perimental photomultiplier models with such cathodes have been prepared in two 
sizes: a normal size (FEU-29 - Fig.1,d) and a smaller size (Fig.1,e). 

Both multipliers have 11 amplification stages. The integral sensitivity 
of the cathode averages 45-50 microamp/lumen. The amplifications are of the 
order of 109-108 at an overall supply voltage of 1400-1600 v. The small size 
photomultiplier is characterized by excellent vibration resistance. 


Miniature photomultipliers 


In a number of photomultiplier applications, size is an important consider- 
ation. In view of this we have recently developed an 8-stage miniature photo- 
multiplier (Fig.1,f) with a maximum outside diameter not exceeding 22.5 mm and 
a height of 65 mm (not including the prongs). The flat cesium-antimony semi- 
transparent cathode of this tube has an effective diameter of 18 mm. Its 
sensitivity is not less than 25 microamp/lumen. 

This photomultiplier provides an amplification of up to 10° at overall 
voltage of 900-1000 v. The dark current is of the order of 1078 amp. 
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